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Oluwafemi A Omoniyi, Valerie Dupont
School of Chemical and Process Engineering, University of Leeds, LS2 9JT, UK.
Keywords

Chemical looping, steam reforming, Acetic acid, Nickel, Hydrogen production

Abstract
Chemical looping steam reforming of acetic acid (CLSR-HAc) was carried out in a fdasded
reactor at 650 °C and 1 atm using two nickel-based catatystsv{th alumina support andB’
with calcium aluminate support) to study the effect of the temperature of oxidationofT the
efficiency of the process and the materials properties of the catalysts upon cycliyH2IcS
could not be sustained with steady outputs with Gf 600°C for catalyst A, but it was conducted
successfully at temperatures up to 800°C, whereas wiitltdild be operated reaching close to
equilibrium conditions over five cycles withot of 600°C. CLSR-HAc can run efficiently for
further cycles at the right operating conditions (S/C of 3, WHSV of 215 Tux 800°C, Er
650°C) everin the presence of the side reactions of acetic acid decomposition and coking. The
yield of hydrogen produced had a minimum efficiency of 89% compared to equilibrium values,
and the acetic acid conversion was in excess of 95% across 10 chemical looping steam reforming
cycles. High purity hydrogen (>90% compatecequilibrium values) was also produced in this
study. Chemigrams obtained from TGA-FTIR analysis indicates that two forms of caeb®n
formed on the catalyst during CLSR-HAc; TEM images and diffraction patterns indicate that poly
graphitic carbon and amorphous carbaate formed while SEM images of the oxidised catalyst
showed that the carbon was eliminated during the oxidation step of CLSR. A full carbon elemental
balance of the process confers that majority of the carbon share (ca@8ui)lised for efficient
steam reforming of acetic acid with ca 10% of the carbon input deposited during the reduction

step and subsequently burned during oxidation over the CLSR cycles.

Abbreviations
CLSR- Chemical Looping Steam Reforming
HAc: Acetic acid

Tox: Temperature of Oxidation
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Tsr Temperature of Steam reforming

TGA-FTIR: Thermogravimetric analysis coupled to Fourier transform infrareztregeopy
TEM and SEM: Transmission electron microscope and Scanning eledamsoope

Xnac and X1zo0: Conversion fraction of acetic acid and water respectively

Nouedry - TOtal molar flow rate dry basis

ni: number of moles of specie i

yiand w: molar fraction of specie i and all gases in the outlet gas respectively

Sel: Selectivity of individual constituent

Wi: Molar weight of specie i

njin and n; o,¢: Molar flow rate in and out of specie | respectively

ncgas: Number of moles of carbon gasified in air feed stage

ny;: and ny;gg) - Number of moles of nickel oxidised and number of moles of hioleatalyst
(Nnisnio) and (ficgas) © Rates of nickel oxidation of the reduced catalyst and rate of cgesified, respectively
Xni-Nio » Xc—gas: Extent of Nickel and Carbon Oxidation

OC: Oxygen carrier

sccm: Standard cubic centimeters per minute

cc/g: cubic centimetre per gram

CHNS: Carbon, hydrogen and nitrogen elemental analysis

BET: BrunauerEmmett-Teller method

ICP-MS: Inductively coupled plasma mass spectrometry

TOC: Total Organic Carbon

S/C: Steam to Carbon ratio

1 Introduction

Hydrogen is a gas utilised in many indussrglobally; it has a global market share of over 40
million dollars which is expected to increase exponentially to over 180 billion dollars as its
demand increasﬁ[l]. The significant increase in its demand is notably due to its high utilisation

in industrial applications particularly fertigsindustries, oil refining and petrochemical industries,
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food processing, metallurgical processgs, |[1-3] and increasingly due to the growth of fuel cell

technologies. The environmental benefits in regards to its low carbon footprint when utilised
potentially as an energy vector are mitigated by the the fact that 96% of hyd@uysumed
globally is produced from conventional fossil fuels which has prompted vast research on the
utilisation of renewable resources for the production of hydrogen.

Biomass resources forkroduction have advantages over intermittent renewables like wind and
solar in that they are abundant globally, provide a natural storage medium, and because they c
be harnessed easl@%]. The production of hydrogen from biomass can be done through different

routes, however; a promising route is an indirect method which involves the fast pyrolysis of the
biomass residue to bio-oil first before its conversion to hydro@znT[ﬁl:b method offers
advantages to direct gasification methods on several fronts. Firstly, unlike many gasfication
processes, pyrolysis avoids the formation of heavy tars and thus can have a lower burden of clean-
up and maintenance. Secondly, pyrolysis oils can be used for other purposes, particularly as
additives in refining or as feedstock for the production of valuable chemicals. Pyrolysis also
requires milder temperatures than gasification, making the process less prone to the energy
inefficiencies associated with the irreversibilities caused by large temperature gradients in the
system. Finally, pyrolysis operates at lower pressure, thus safer, conditions. Bio-oils are
chemically complex and rather unstable mixtures which has prompted the study on the utilisation

of aqueous fractions of pyrolysis oils, model compounds or mixtures and oxygenates for pilot

scale research and stud|es [§-15].

Acetic acid is one of the most studied model compound of pyrolysis oils for the production of
hydrogen; this is due to its dominant presence in most bio-oil comp016, 17]. Its thermal
conversion to hydrogen, however, has been characterised with challenges due to side reactions
and formation of intermediates particularly on the surface of the caﬁlyst [9]. These havedncrease
the need for process intensification and optimisation measures with the view of reducing some of
the downsides encountered, as well as reducing the energy cost of the process.

The conventional process of steam reforming of acetic acid to hydrogen has been wehedsear

EI , 18-20]. Basagiannis and Verykios concluded that the reforming of acetic acid is

complicated due to side reactions prominent at lower reforming temperatures, they also stipulated

that the rate of carbon deposition observed on the catalyst is generally determined on the reforming
temperature, catalyst utilised and the feed to stea io[21].

Process intensification measures particularly chemical looping steam reforming (CLSR) has been
promoted to ease the challenges observed in the steam reforming céﬁswptilises an

‘oxygen transfer materialOTM) also known as ‘oxygen carrier’ (OC) which drives the reactions
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in a cyclic process as follows. As the steam reforming reactions are very endothermic, heat is
provided at the heart of the process by the oxidation reactions in the reactor under feed [23]
This ensures no dilution of the reformate mix product with diluentvNen the feed flow is
switched to fuel feed and steam, some of fuel being sacrificed first to reduce the OC and thus
activate it as a catalyst of the steam reforming and water gas shift reactions. The usealf exter
burners to heat up the reformer and the costs associated with the use of highly corrosion resistant
materials and combustion control techniques are thus avoided, while the absence of large
temperature gradients during heat transfer reduces process irreversibilities and thus increases
thermodynamic efficiency. The OC catalyst as utilised in this study should nevertheless have
suitable characteristics particularly a high resistance to attrition, agglomeration and carbon
depositio ].

Previous reported works on the CLSR of acetic acid and other liquids of biomassaregieen

centred on the reactivity of the catalyst across the looping cycles; it has been reported that the fuel
conversion and consequently hydrogen yield reduces upon cycling for the CLSR of bio-diesel and
scrap tyre pyrolysis oilm. Other studies indicated that no deterioration occurs in fuel
conversion and hydrogen yield from the CLSR of other liquids of biomass origins investigated

27-29]. Thus, the efficiency of the fuel conversion and hydrogen yield of CLSR is influenced by

the feedstock and operating conditions utilised, and the deterioration of the reactivity of the
catalyst is generally due to carbon deposition, sintering and thermal decomposition of the
feedstock.

This paper studies the redox cycling ability and process efficiency of chemical looping steam
reforming of acetic acid (CLSR-HAdn a packed bed reactor; ten experimental cycles were
performed using the experimental approach as described in the next section. The auto-reduction
activity of acetic acid of one of the nickel catalyst utilised in the present studydrapregiously
investigated and it has been established that acetic acid performs considerablyhevell
compared to the same catalyst after reduction by hydrn [30]. The process outputs, hydrogen
yield, conversion and selectivity to carbon gases for each cycle and two OC catalysts were
compared with the view to measure consistency across the cycles; and characterisation of the
catalysts was also done post-experimentally to ascertain any changes in morphology. The effect
of the oxidation temperature on the reforming process was examined to ascertain its influence on
the reforming process and full carbon balances were conducted to evaluate the share of solid
carbonby-product during the process.
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2 Experimental approach and methods

2.1 Materials and reactor setup

Two commercial Nickel-based catalysts were used in this study and were suppliedlgiTEST
Catalyst A contaiad 18 wt. % NiO on alpha-alumina support while Catalyst B cotaitb wit.

% NIO on calcium aluminate support. Both catalysts were supplied as pellets but were crushed
and sieved to 250-35Qm before utilisation. Acetic acid utilised for the experiments was
purchased from Sigma-Aldriar99%) and distilled water was used for all experiments.

The reactor system utilised in this study, as depicted in Figusealdown flow system using a

fully insulated packed bed reactor consisting of a stainless-steel tube of 12.7 mm internal diameter
and 25 cm length. The reactor was connected to two 180 mm long aluminium and stainless steel
vaporisers; the vaporisergere used to preheat the acetic acid fuel and the watezactant
separately before thayere introduced into the reactor. For all experimental runs, the pre-heat
temperatures were set at 50°C and 150°C for acetic acid pre-heat and watéatrapo
respectively, this was done to prevent or minimise acetic acid decomposition and induce full water
vaporisation. The temperatures of the vaporisers and the furnace were controlled by a temperature
PID controller while a Pico Logas used to monitor and identify any heat loss in the system. The
flow rates of water and acetic acid was controlled by two separate programmable New Era syringe
pumps while the flow of gasses into the system (aif, N¥) were regulated by mass flow
controllers supplied by MKS. The product gas composition were detected and measured by a
Micro gas chromatograph (Mict@C, Varian) after the effluents passed through a condenser and

a moisture trap; the Micro-GC congdtof two columns, the first which operated with a back
flushwas a molecular sieve 5A column and was used to dete@CO, N, while the second

was a Pora Plot Q column used to detect @@ CH as well as gand G gases
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Figure 1 Reactor setup for evaluation of the CLSR-HAc cycles

2.2 Experimental procedures

Chemical looping steam reforming (CLSR) consists of two basic steps; the reducing/ reforming
step (fuel-steam feed) and the oxidation step (air feed). Both steps as carried out in this study are
preceded by purging the reactor system with(200 sccrp and raising the temperature of the
furnace to the required temperature for each step. The flow rates of acetic acideand e
reducing step was set to 0.978 ml/hr and 1.846 ml/hr respectively.4d8@ Bccm for experiments

with WHSV set to 1.18 hrand 31 sccm for experiments with WHSV set to 2:5 kwere also

utilised in all reforming steps. The reducing/reforming step was carried out at two temperatures
600°C and 650°C, and at steam to carbon ratio 3 using 2g of either Catalyst A or Catalyst B. This
is because previous studies on pyrolysis oils and their model compounds indicated that the

reforming process is optimal this rang, 30-33].

The global reactions that are expected to occur in the reducing/reforming ssemararised and

expressed as follows in Reaction 1 and 2,

C,H,0; + 4NiO - 2C0, + 2H,0 + 4Ni Reaction 1

.
C2H,0, + 2H,0 > 2C0, + 4H, Reaction 2



163
164
165
166
167
168
169

170
171
172
173
174
175

176

177
178
179
180
181
182

183
184
185

186
187
188
189
190
191
192
193
194

This includes the auto-reduction of the catalyst by acetic acid (Reaction 1) and complete steam
reforming of acetic acid (Reaction 2). The sequence of reactions for the regheisg is
however, more complex than what is described in reactior2 hs other intermediate and side
reactions might occur. Intermediate reactions might include NiO reduction by £&ndrbther
hydrocarbon intermediates, side reactions include coking, formation and dissociation of

intermediates, decomposition of acetic acid, ketonisation and sometimes methanation reactions,

and water gas shiO].

The reducing step for the runs in this study was carried out for 2 hours using 2g of the catalyst.
The catalyst as prepared into granules is first reduced or activated by/E%(Rieaction 3) at

the temperature set for the reducing step. Auto-reduction of the catalyst by acetic acid in
subsequent cycles is also carried out after the oxidation step at the temperature set for the reducing
step; this is > 550°C for all experimental runs and has been reported to be adequate for full
reduction of Ni-based catalysts by acetic - [34].

NiO+ H, -» Ni+ H,0 Reaction 3

The oxidation step was done at temperatures ranging between 600°C and 800°C with the view to
evaluate the effect of the oxidation temperaturex)Ton the overall process. Air was passed
through the reactor toe-oxidise the already utilised catalysts from the reducing/reforming step
while also gasifying carbon formed on the catalyst from the preceding fuel feed stage. The main
reactions occurring are summarised in reaction 4-6 and the air feed during the oxidation step was

allowed to run until the concentration of oxygen detected in the micro-GC stabilised at 21 Vol%.

2Ni+ 0, - 2NiO Reaction 4
C + 02 4 COZ Reacti®
2C+0, -2CO Reaction 6

2.3 Solids and Condensates characterisation

Characterisation work was also carried out on the used catalyst and collected condensate to analyse
the amounts of carbon and hydrogen deposited over cycles and observe any changes in
morphology after chemical looping steam reforming. The carbon content on the utilised catalyst
was determined using CHNS elemental analysis conducted in a Flash EA 2000 elemental analyser.
BET analysis was conducted using a Quantachrome Nova 2200e insttondrgerve any
changes in the open porosity and surface area of the used catalyst. SEM-EDX was conducted using
a high-resolution Hitachi SU8230 and Carl Zeiss EVO MA15 both coupled with an Oxford

Instruments Aztec Energy EDX system, and TEM images was derived using a FEI Tecnai TF20.



195
196
197
198
199
200
201

202
203
204
205
206
207
208

209
210
211

212

213

214

215
216
217
218
219
220
221
222
223
224

The SEM-EDX and TEM were carried out for surface topology analysis and solid carbon product
distribution. TGA-FTIR was also conducted using a Stanton-Redcroft TGA connected to a FTIR
(Nicolet iS10, Thermo scientific) to observe the mass loss and predict the type of carbon produced
using the C@chemigram observed. ICP-MS was conducted on the collected condensat using
SCIEX Elan 900 by Perkin Elmer and TOC tests were@sducted on the collected condensate
using a Hach-Lange IL 550 analyser (differential method) to check for possible leaching of the

catalyst and calculate the carbon content in the condensate respectively.

2.4 Process outputs and material balances

Balances of the N, C, H and O elements during the fuel-steam feed stage and the air feed stage
were used to determine in turn the reactants conversion to gas products, yield of hydrogen, whil
the gas compositions determined the selectivity to carbon-containing gases as desed in [28
,]. A nitrogen balance was used to calculate the total molar gas output flon,jate, ()

using the feed molar rate otldnd the molar fraction of Ndetected by the micro G@ ¢, ary=

nw,,./ YN,- This in turnwas used to calculate the conversion of the reéstarthe fuel-steam feed

stage; acetic acid conversion to gas products in the fuel feed stage is calculated from a carbon

balance as summarised in Equatign 1A while the water conversion (Equajios dalculated

from a hydrogen balance;

Equation 1 Conversion (fuel and water)

(outdry X (Yco+Yco, +Yc, +2yCaHe+ 2yCaHa+3yC3He+ 3yC3Hg))
2 XNyac,in

XHAC(%) =100 %

(outdry X (VHy +2YcHy +3VeaHg+ 2VcaHy+ 3Ye3Hg + 4V ezhg ) =2 X Npacin X XHac)

Xp,0(%) = 100 x B

The calculation of the acetic acid conversion to gagkesat represent the conversions to solid
carbon or organic condensates, which were evaluated separately by CHNS analysis of the used
catalyst and TOC analysis of the condensates after the experiments in order to close the carbon
balance over full cycles of reduction/steam reforming stages under acetic acid and steam feed,
alternating with the oxidation stage under air feddialue of X4ac duringHAc/steam feed lower

than 100% denoted carbon deposition on the catalyst or in the condensate. The hydrogen yield
(wt. %) under HAc/steam feed is defined as a ratio of the weight of hydrogen in the process output

to the weight of acetic acid feedstock (no Waller) (Equatlon 2). According to stoichiometry of

reaction 2, the maximum theoretical hydrogen yield is 13.45 wt%. The hydrogen purity dry basis

(%) was also calculated as indicatedBguation 3 the water conversion, hydrogen yield and
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hydrogen puritys compared with chemical equilibrium and stoichiometric values to ascertain the

efficiency of the fuel-water feed stage.

Equation 2 Hydrogen yield (vt.%)

WHZ x 100 x r.‘Lr)ut,dry ><yHZ

Hydrogen yield (wt. %) = Wiie X pacs
,in

2 x1.01 X100 X fyyrdry X Y,

Nyacin X Whacary

Equation 3 Hydrogen Purity (% Dry basis)

moles of hydrogen detected in process gas output

x 100

Hydrogen Purity (% Dry basis) =

total gas moles detected — moles of N,

Selectivity to carbon gases and hydrogen gases was also calculated as degcribed in Equation 4 a

Equation $respectively;

Equation 4 Selectivity to C-gases

a. .
sel;c% =100 X n‘i
Z,— ajcYjc

Where indicesy; andaj represent the carbon atom number of the relevant carbon gas species.

Equation 5 Selectivity to H-gases

AiYiH,

Seli,HZ% =100 XW
j “jHy Y jHy

Where indicew; anda; represent the hydrogen atom number of the relevant hydrogen gas species..

In the oxidation step, the calculated molar flow ratg,{4,,) realised from nitrogen balanees

used to calculate the rate of oxidation of the reduced cafalysty;,) and carbon deposited

from the prior steam reforming phasg, ,,s) using an oxygen balance and carbon balance

respectively as detailed in Equatigjrthe integration of the calculated rate over time gave the total

number of moles of nickel oxidisedy(,) and carbon gasifiedn{,s) in the oxidation step

respectively.
Equation 6 Rate of oxidation of reduced nickel catalyst and Carbogasified
(Myisnio) = 2Ng,m — Noutrdry X (2¥0, +Yco + 2Yco,)

(ﬁc,gas) = riout,dry X (Yco + yCOZ)

The calculatedy; . was used for the calculation of the extent of nickel conversion jusing Equiation

While thencg,s Was essential for ascertaining the overall carbon balance of the process and

extrapolating the extent of carbon gasified (number of moles of carbon gasified at a time with

respect to the total number of moles gasified at the air feed stage);
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Equation 7 Extent of Nickel Oxidation

Nyit
Xnionio (%) = ——
Nyici)

x 100

Chemical equilibrium calculations for the parameters considered were determined using values
obtained from the Chemical Equilibrium with Applications (CEA) softw@ [36]. The software
was used to derive equilibrium values for the process output using the set conditions for the
experimental runs (P=1 bar, T= 600°C,650 °C, Omit= C(gsD(er) H.O(l)). These process

outputs were in turn used to calculate the process outputs at equilibrium |Esuation 1-

Equation 4by replacing the relevant molar flow rates in the reactor with just molar outputs

predicted at equilibrium at same conditions.

3 Results and Discussion

3.1 Process Outputs with time on stream and upon redox cycling of CLSR-HAc

The gases detected by the micro-GC for all experimental runs in thisvetoelYCO, CQ, CHy,

C2Hs, CsHs, (the last two always remaining below threshold of detectiop),Nd and Q
(observed during the oxidation steps). In the event of acetone being a significant product of the
process, it would have been detected by significant C content in the condensates. Ketonisation
reactions are generally inhibited by nickel catalysts and are stipulated to occur during the

reforming of acetic acid ideally at temperatures below 67, 389].

3.1.1 Process Outputs with time on stream- Fuel-Water feed stage
The fuel-steam feed stage as describeﬂ 2.2, was carried out at 600°C and 650°C for all

experimental runs in this study. A similar trend for the main output gas species molar fractions
with time on stream was observed for the first cycler@dluced catalyst) and subsequent cycles
(auto-reduced) for the experimental runs as shown in Figure 2 for catalysk 8600°C, Tox
=600°C, S/C= 3, WHSV = 2.5H).
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Figure 2 Dry outlet gas composition of products after reforming at (A) cycle anwhere the catalyst has been activated by
reduction with hydrogen (b) Auto reduced catalyst (i.e. catalyst regced with acetic acid) at the 5th reduction run (Er=

600 °C, Tox =600 °C, catalyst B, WHSV=2.5 ht, S/C=3)

In the H reduced cycle, CO is detected ca. 500 s earlier thaawDéreas, in the auto-reduced

cycle, CO and Ceare simultaneously detected. Similarly, the lag betwessmd CO generation

is increased by 250 s for the auto-reduced cycle. This is consistent with a steam reforming reaction
delayed by the consumption of the fuel to carry out the reduction of the nickel oxide to metallic
nickel, with the steam reactant exhibiting temporary faster reactivity for dissociation to hydrogen
on the reduced catalyst compared to the hydrocarbon reducing reactions and steam réhisming.

has also been observed in previous studies where a short lag period or simultaneous partial auto
reduction and reforming reactions are obser@l, 30]. A similar dry outlet gas composition
profile was derived for the Heduced cycle and auto reduced cycle when catalyst A was utilised
with a slight increase in the lag (50200s) between CO ancclgeneration in the auto reduced

cycle.

3.1.2 Process gas Output (Oxidation Phase) and extent of oxidation
The oxidation phase in this study was carried out between 600°C and 800°C by passing air through

the reactor. An increase of approximately-3°C was observed at the beginning of all oxidation
phase runs; this was due to the exothermic nature of the oxidation reactions.

The operating conditions at which the oxidation phase is conducted has an effect on the overall
process efficiency; it is also fitting to check the extent of oxidation of nickel during the air feed
stage with the view to ascertain the effectiveness of the air feed stage. Five CLSR cycles (4
oxidation phase runs) were conducted on catalyst B at WHSV Ishtrat S/C of 3 to check

the oxidation effectiveness. Air was passed at 200 sccm and 2g of inert material (sandkegtre mi
with catalyst B (2g) in the reactor load. The oxidation temperatug (inder air feed was also
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set at 800°C while the reducing-steam reforming stage under acetic acid/steam feed was carried
out at 650°C.

The process gas composition detected by the micro GC for all oxidation runs under air feed
contained oxygen, nitrogen, CO and £43 depicted ilﬁ Figurel 3. The CO and Glicate the
oxygen passed through air was utilised in oxidation of carbon that had been formed during the

preceding fuel-steam feed stage; it is also expected as reported in several literature onaCLSR

the catalyst is oxidised from its catalytically active nickel state to deactivated nickel oxide

(reaction 4].
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Figure 3: Product gas composition (mol fractions) for oxidation step at dr= 650 °C, Tox =800 °C, catalyst B,
WHSV=1.18 hrl, S/C=3, A)

Review of the literature indicates that the oxidation of carbon may occur first before the diffusion
controlled nickel oxidatior@ﬂg]; however, it was observed in this study that both reactions
occurred in parallel with carbon oxidation starting first and freeing up space on the nickel catalyst

which is then oxidised whilst more carbon is burnt off.

Integrating the rates of the nickel oxidatiaR;(y;o) over time allows to determine whether the

nickel redox extentX;_nio) calculated using Equatiofig¥maintained at the same level from cycle

to cycle.
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Table 1 Nickel oxidised in CLSR oxidation phase (3r= 650 °C, Tox = 800 °C, catalyst B, WHSV=1.18 ht, S/C=3)

. ' Duration of Ni Oxidation
finisnio (Mol/s) ny; (Mol) Xni-nio (%) )

1 8.98 x10° 4.03 x10° 100.22 449

2 5.99 x10P 3.80 x1C° 94.63 634

3 5.83 x10° 3.25 x16° 80.83 557

4 6.29 x10° 3.37 x16° 83.97 536

The number of moles of nickel oxidised at steady oxygen output (evidencing the end of oxidation
reactions) is shown |n Tablg 1. There is a drop in the extent of nickel oxidised from the first

oxidation cycle to subsequent oxidation cycles. However, the extent of nickel oxidation remained
>80% across the other cycles; this indicates that the oxidation of narkieé maintained across

the oxidation cycles.

3.1.3 Overall Carbon balance of CLSR process
An overall carbon balance was carried out on the CLSR process (using the set operating conditions

as descibed i|n 3.1).2&s detailed ifTable 2 < 5% of the carbon calculated through the carbon

balance was unaccounted for in the overall process across 5 cycles, indicating high atcuracy
the carbon balance and distribution across products for the 5 cycles, as well as validating the

methodology for their calculation.

Table 2:0Overall Carbon balance of CLSR process (dr= 650 °C, Tox =800 °C, catalyst B, WHSV=1.18 ht, S/C=3)

C product
C in feed (mol) Xnac (%) P . Ncgas (MoOI) Cin the Total carbon (gas +
during during condensate solid + condensate)
- HAc/steam -
HAc/steam feed | [EQuation 1 Equation 6 (mol) |
feed (mol) (mol)
1 6.82x 102 93.1 6.35x% 1072 5.04x 107 1.99x 105 6.86x% 102
2 6.82x 1072 85.9 5.86x 102 6.19x 103 4.48x 107 6.49%x 102
3 6.82x 102 85.7 5.86x 102 9.64x 107 3.39x 107 6.83x 10
4 6.82x 102 91.8 6.26x 102 7.19x 103 1.39x10°° 6.98x 102
5 6.82x 102 84.5 5.76x 102 7.91x 103 0.10x 107 6.55x% 102

The carbon distribution in the products across the process cycles indicates the major share of
carbon was in the process gas (85%-92%) and as a solid on the oxidised catalyst (7% -14%) across

all cycles, wherencg,s represented deposited solid carbon from the previous cycle; these entail

that most of the carbon in the feedstegs utilised in the process for auto-reduction and steam



337
338
339

340
341
342
343
344
345

346
347

348
349
350
351
352
353
354
355
356
357
358

reforming, whilst approximately 10%wvas deposited on the catalyst; it is essential to stress that
the amount deposited on the catalyst must have been influenced by the presence of catalytically

inactive material in the reactor load. Carbon in the condensates was negligible in all the cases.

3.2 Effect of oxidation temperature on process outputs

The effect of Bx on chemical looping steam reforming was investigated by oxidising the used
reforming catalyst (catalyst A) at 600°C, 700°C, and 800°z. Was kept at 600°C and the
experiments were carried out at S/C of 3 and WHSV of 236Tie effect of the catalyst utilised

was also investigated by performing 5 reforming experimental cycles using catalyst B at the same
operating conditions but oxidising only at 600°C.

3.2.1 Gas outputen oxidation temperature study
Both catalysts behaved similarly and efficiently during steam reforming with hydrogleh

efficiency >83%, hydrogen purity efficiency >97%, water conversion efficiency >75% and fuel
conversion efficiency >89% when compared to equilibrium values. The high efficiency did not
persist to the ® chemical looping reforming cycle after oxidation was carried out at 600°C for
catalyst A, as sustained reforming could not be maintained over the duration observed. This was
not the case with catalyst B, as sustained production of hydrogen with high efficiency was
observed over five cycles of CLSR withxIset to 600°C. The lack of sustained steam reforming

in the second cycle of reforming for catalyst A is due to increased coking via thermal
decomposition (shown in the carbon balanc€sking might have been enhanced by the acidic
nature of the catalyst support in Catalys ,, 41]. Acidic catalysts support increases the
chances of thermal decomposition and other polymerisation reactions resulting in graphitic carbon
decomposition on the acidic sites of the sut[21].
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Figure 4 A) Conversion fraction, B) selectivity to C gases, C) hydrogen yield D) hydrogen purity (Tsg = 600 ° C, Tox= 700 ° C,
cycle 2, Catalyst A, WHSV set to 2.36 hr-1, and S/C = 3)

Sustained steam reforming was observed during the CLSR of acetic acid using catalyst A after

oxidising at higher temperatures (700 °C and 800 °C) while leaving the temperature at the reducing

phase at 600 °C over five cycles (Tab} H-Ryure 4 shows the conversion fraction, selectivity to

C gases, hydrogen yield and purity obtained for the duration of the steam reforming phase using
the auto reduced catalsyt A at the second cycleyasédt to 700 °C. A simlar profile to Figur¢ 4
was obtained for other cycles axIset to 700 °C or 800 °C. More than 89 % of the fuel was

converted across all five cycles of CLSR wheyx Was set at 700 °C or 800 °C, corresponding to

a water conversion efficiency > 73% across all the cycles. This also corredjoritydrogen
yield efficiencies > 71% and > 82% when compared to equilibrium and stoichiometric values
respectively. High hydrogen purity efficiencigs97% when compared to equilibrium values and

> 91% when compared to stoichiometric calculations) were achieved across all CLSR

experimental runs as shown in Table 3.
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Table 3 Conversion fraction, purity and hydrogen yield over 5 cycles (3r = 600 ° C , WHSV set to 2.36 ht, and S/C =3)

Cycle Xnac (fraction) Xu,o (fraction) Hydrogen purity (%) Hydrogen yield (wt. %)
[Equation 1P [Equation SP [Equation 2’

Tox (°C) 600 | 700 ‘ 800 | 600 | 700 ‘ 800 | 600 | 700 ‘ 800 | 600 | 700 ‘ 800
Catalyst B A B A B A B A
Reduced byl 1 1.02 | 0.89 | 0.96 | 0.21 | 0.18 | 0.21 | 61.09 | 60.94 | 61.92 | 10.80 | 9.51 10.50
Hydrogen
Auto- 2 1.01 | 090 |1.00 | 0.22 | 0.19 | 0.21 | 61.79 | 61.86 | 61.55 | 10.98 | 9.80 10.72
reduced 3 1.01 094 | 101|021 |0.20| 0.24 | 61.49 | 61.55 | 62.87 | 10.86 | 10.11 | 11.48

4 101|100 | 1.06 | 0.21 | 0.21 | 0.23 | 61.35 | 61.46 | 61.74 | 10.77 | 10.80 | 11.63

5 099 | 1.05|1.07 | 0.22 | 0.22 | 0.23 | 61.86 | 61.58 | 61.66 | 10.85 | 11.31 | 11.64
Equilibrium values 1.00 0.24 63.01 11.47

Thus, Tox has a bearing effect on the process stability at the subsequent auto-reduction and steam
reforming run as seen in catalyst A; however, the catalyst support in the catalyst utilised for the

CLSR process is also essential.

3.2.2 Solid carbon product ingk study
There is an obvious decline in the carbon content (mol) of catalyst Avasficatalyst A is

increased as shown(in Tablle 4; with a 68 % decrease in carbon content (mol) found for catalyst A

when oxidised at 800 °C compared to 600 °C. There is also a large difference in the carbon content
(mol) when catalyst A and catalyst B are compared; the carbon present in catalyst A is merch hig
than that observed in catalyst B when oxidised at 600 °C (57% increase). CHN analysis of used

CLSR catalyst A after five cycles of CLSR also exhibits a higher carbon content when compared

to the corresponding carbon content for catalyst B as sgen in Table 4.

Table 4 Solid carbon (CHN elemental analysis) on catalysts A and B different oxidation temperatures (Tsr= 600 °C,
WHSV=2.36 hrt, S/C=3) duration of reforming experiments: 2 hrs in all casel

Catalyst, final state, cycle number| Tox (°C) Cs) on catalyst (mol) Cison Cétal}ét (mol% of feed C of
individual cycle)
Used catalyst B, oxidised, 5 cycle 600 3.57x10* 0.52
Used catalyst A, oxidised, 5 cycle 600 8.3210* 1.22
Used catalyst A, oxidised, 5 cycle 700 3.65x10*4 0.54
Used catalyst A, oxidised, 5 cycle 800 2.68x10* 0.39
Used catalyst B, reduced, 5 cycle 800 55.6x10* 8.15
Used catalyst A, reduced, 5 cycle 800 79.1x10*4 11.6

The increase in dx alone does not alleviate all challenges highlighted in catalyst A because
incomplete gasification of the carbon deposited in the acidic sites might subsequently occur during
the oxidation stage, which would prompt further gasification required in the next reforming or
reducing cycle. This phenomenon would affect the efficiency of the CLSR process as the potential

of thermal decomposition and cracking reactions might increase particularly at the beginning of
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the reducing phase where auto-reduction or dominant auto-reduction plus suppressed steam

reforming are occurrinEfO].

The presence of an alkali support as in the case of catalyst B has been shown to timeprove
stability and selectivity of steam reforming cataly [42]; they are promoted to increase the
reforming process by enhancing water gas shift and catalyst redn [43]. It has also been
reported that catalysts with less acidic supports such as catalyst B would have a higher ability to
promote gasification and complete oxidation of deposited carbon, and hence promotes a better

efficiency for auto-reduction and reforming in subsequent reducing se [44].

3.2.3 Catalysts characteristics after CL$RC use in bx study
Surface area analysis of the catalysts is also important as it has been associtteceWitiency

of the reforming process; the surface area analysis of CLSR is difficult to elucidate due to the
several reactions occurring at the same time, it has been reported that the reduced catalyst (afte
reforming in a looping cycle) would have a higher surface area than its subsequent oxidised form
]. The increase in the surface area and pore volume in the reduced catalysts is due to the
formation of smaller pores caused by openings of the pore mouths plugged with the oxidised form

of the catalyst and/or the different molar volume of the Ni particle when compared to its oxidised

form | Table5|details resultérom the BET analysis of catalyst B before and after CLSR (5 cycles,

S/C=3, r = 600 °C, WHSV = 2.5 h); a loss of surface area and an increase in porosity was
observed during catalyst activation and reduction using hydrogen. Nevertheless, comparison of
the used reduced catalyst after several cycles indicates a higher surface area avidrperi

the reduced used catalysts when compared to the used oxidised catalyst.

Table 5 BET surface analysis of fresh and used catalyst for CLSR process (SB;Fsr = 600 °C, WHSV=2.5 hrt)

MBET surface area Pore volume Pore radius
(m?lg) (cc/g) (nm)
Fresh Catalyst B (oxidised form) 349 0.068 1.9
Hz-Reduced fresh catalyst 288 0.114 2.4
Used oxidised Catalyst B (oxidised at 6@kefter 1 cycle) 20.9 0.084 1.9
Used oxidised catalyst B (oxidised at 800 °C after 1 cyq 8.6 0.058 19
Used reduced Catalyst after 5 cycles of CLSR with
o ] 26.5 0.131 19
oxidation carried out at 600 °C
Used reduced Catalyst after 5 cycles of CLSR with
o ) 139 0.072 19
oxidation carried out at 800 °C

In regards to oxidation of the catalysts, it was observed that the effect of sintering during oxidation

is dependent on the temperature of oxidation; higher temperature of oxidation leads to higher level



420
421
422
423
424
425
426
427

428
429
430
431
432
433
434
435
436
437
438
439

440
441
442
443
444

445
446

447
448
449
450
451

of sintering and a further loss in surface area and open porosity, as observed B [Table be

postulated that two major phases of surface area changes would odcgrticliroxidation step,

an increase of surface area and porosity would be achieved due to the opening of pores blocked
by carbon deposition from the subsequent reforming step, followed by a more pronounced
reduction of porosity due to the oxidation of Ni to NiO and resulting sintering particularly at higher
oxidation temperature. It is nevertheless reported that the overall surface area and porosity of the

chemical looping catalyst is expected to stabilise due to the Red-Ox cycle of chemiaad loopi
reforming ([23].

It is important to note, the consistent and stable profile with time on stream observed in the CLSR
using catalyst B even after oxidation is carried out at 600 °C (Fig. 2) means that eicktic a
decomposition to solid carbon and subsequent carbon gasification reactions are suppressed and
minimised due to its non-acidic support and higher surface area compared to catalyst A. As already
discussed, acidic supports increase the chances of sintering, cracking reactions, thermal
decomposition and other polymerisation reactions which would naturally result to more graphitic
carbon deposition and eventually the deactivation of the cal, 40]. The graphitic carbon
deposited on the acidic sites of the support of the steam reforming catalyst would be more
prominent in the reforming of feedstocks susceptible to coking and thermal decomposition like
acetic acid. Oxidation of the carbon formed would be more difficult when compared to those
formed on the surface of the catalyst. As seen in the case of catalyst A, this could bedroprove

the increase in the temperature of oxidation.

3.3 Optimised chemical looping cyclingstability for catalyst B at Tsr 650 °C and Tox
800°C

Ten CLSR cycles were conducted at 650 °gr(Tsing catalyst B, which, as promoted in the

previous section, is a more effective chemical looping reforming catalyst of adetiwlzen

compared to catalyst A; these were done at a WHSV of 2.8t Tox set to 800 °C.

3.3.1 Gas outputs in CLSR cyclingability study
A similar product gas profile as identified|in Figure 2 with hydrogen, CQ, &1@ CH as the

main product was observed in all CLSR runs, while in the oxidation su@@and CQwere the

major product$. Table|6 shows the results derived from elemental analysis during the fuel on feed

stage; the conversion fractiorug. and %:0) calculated usir‘1@quation 1 hydrogen vyield (wt. %)
calculated usin@quation %and hydrogen purity (%) calculated ugiBguation j;were consistent

over the 10 cycles of CLSR, these indicated no obvious loss in the catalyst activity down to coking
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or catalyst deactivation. The minimum water conversion efficiency when compared to equilibrium
was 83% with the maximum efficiency at th® @forming cycle of 92% when compared to
equilibrium values. The water conversion fraction increased as the fuel conversion increased, but
no obvious trend which might indicate catalyst deterioration was observed in all 10 CLSR cycles;
this entails that stable steam reforming with high affinity towards the production of hydrogen was
apparent in all 10 CLSR cycles. Thgace time hydrogen yield’, calculated as the moles of
hydrogen produced per unit mass of catalyst and per unit time was also calculated and shown in

Table § The catalysts auto-reduced by acetic acid performed favourably>(X94) when

compared with the fHreduced catalyst..

Table 6 Acetic acid and water conversion Fractiongydrogen purity and hydrogen yield (vt.%) (Tsr= 650 °C, Tox=800
°C, catalyst B, WHSV=2.5 hr', S/C=3)

Hydrogen Hydrogen yield Space time yield
Cycle XHAc XH20 .
purity (%) (wt. %) (mol kgeatth?)
[Equation 1’ [Equation SP [Equation ZP
H2-Reduced 1 1.00 0.21 61.77 10.92 27.75
2 0.95 0.20 61.71 10.31 26.20
3 0.98 0.20 61.63 10.56 26.85
4 0.98 0.21 62.04 10.75 27.30
5 0.97 0.20 61.73 10.52 26.75
Auto-
6 0.98 0.20 61.69 10.63 27.00
reduced
7 0.96 0.21 61.99 10.51 26.70
8 0.95 0.20 61.87 10.40 26.40
9 1.05 0.22 61.88 11.38 28.95
10 1.03 0.22 61.90 11.23 28.55
Equilibrium 1.00 0.24 63.14 11.53

This is similar to previous studies on chemical looping steam reforming of pyrolysis oils, which
concluded that auto-reduction of acetic acid and subsequent reforming of acetic agichbysis
oil canbe done efficiently without obvious deterioration in its feedstock conve8, 30].

The hydrogen yield (wt. %) and the purity of hydrogen (% dry basis) produced also showed high
stability across all cycles; the efficiency of the yield across all 10 cycles of cidooping
reforming was between 89% and 97% when compared to equilibrium, and 77% and 85% when
compared to theoretical maximum. The trend in the hydrogen yield also corresponds to the fuel
conversion Xua) Of the reducing-steam reforming stage. The hydrogen purity (%) was also
consistent across all 10 cycles in the reducing phase with an efficiency of 93% observed across all
cycles when compared to equilibrium calculations, this is equivalent to 98% compared to

theoretical maximum or stoichiometric values.
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As seen in| Table |7, the selectivity to hydrogen containing gaSesHj,, and

Sel CHy ,) shows no disparity across all 10 reforming cyo@&ds is an intermediate by-product

formed from methanation reactions (prominent at lower temperatures) and homogenous cracking

of acetic acid which is promoted on nickel catalysts due to its high affinity towards breaking C-C

bonds ([45-4Y]; its decomposition has been attributed as one of the major routes of catalyst

deactivation for the steam reforming of acetic [48]. SH&H, y, is primarily determined

by the S/C, catalyst loading andr] nevertheless, high selectivity to methane ranging from 4%

to cal5% has been reported in previous studies on nickel c49, 50]. The obtained
Sel CH, , andSel H, 5, in this study are relatively close to equilibrium values and consistent
across all 10 cycles of CLSR. This strongly indicate, the rate of reaction of thegiopemarily
determined by the thermodynamics of the reaction system. It also isdimatess of activity in

the efficiency of the reforming catalyst towards efficient steam reforming and hydrogen
production across all 10 cycles of CLSR. In regards to selectivity to C-gases, there is no major
change identified for selectivity tOHa,c. The selectivity to C@increased sparingly from the first

cycle (Hb-reduced catalyst) to the subsequent cycles; this also corresponded to a decrease in the
sdectivity to CO from the first cycle to subsequent cycles, for the auto-reduced catalyst. This
observation coupled with the stable water conversion fraction indicates improved water gas shift

in the reducingsteam reforming stage and could also indicate less carbon gasification.

Table 7: Selectivty to C-gases and H-gases across 10 cyclesgT 650 °C, Tox =800 °C, catalyst B, WHSV=2.5 ht,
S/C=3)

Selectivity to C-gasesl (Equation |4) Selectivity to H-gase5| (Equation F)
Sel
Cycle Sel COc Sel CHic SelHy y, Sel CHy y,
CO2c

H2-Reduced 1 75.9 235 0.6 99.6 0.4
2 77.6 21.8 0.7 99.6 0.4

3 77.5 220 0.5 99.7 0.3

4 78.5 20.9 0.5 99.7 0.3

5 78.4 21.1 0.5 99.7 0.3

Auto
6 77.8 21.7 0.5 99.7 0.3
reduced

7 78.4 21.2 0.4 99.7 0.3

8 78.2 214 0.4 99.8 0.2

9 78.1 214 0.5 99.7 0.3

10 78.2 214 0.5 99.7 0.3

Equilibrium 72.8 26.8 0.4 99.5 0.5

3.3.2 Solid Carbon Product in Redox cyclis@bility study
Post experimental analysis on the used chemical looping reforming catalyst and condensates

samples collected over 10 cycles were also conducted; the possibility of leaching of nick&ll cataly



497
498
499
500
501
502
503
504
505
506
507

508
509
510
511
512
513
514
515
516

517

518
519

has been postulated for steam reforming of aceti id[30], hence to check the extent of leaching,
ICP-MS testing was carried out on the condensate collected after'tisbdiical looping cycle.

0.0819 mg/L of nickel was detected through IRB; which indicated potential leaching of the
catalyst into the condensate, these however corresponded to about 0.0001% of the nickel originally
present in the catalyst and is therefore taken as insignificant. Total organic carbon analysis of the
condensates collected after the reducing-steam reforming phase of the CLSR experimental runs
using catalyst B indicates there was no obvious trend or relationship across the cycles. The carbon
(mol) found in the condensate constituted less than 0.1 % of all carbon formed for each
experimental run with the majority share of carbon formed either present in the product gas as
COp, CO and CH formed during oxidation or auto-reduction/reforming or deposited as solid on

the catalyst.

TGA-FTIR analysis was conducted on the used, reduced, CLSR catalyst aftecld® aly
chemical looping steam reforming cycles. The evolution of €@n the FTIR chemigram was
plotted against the weight loss of catalyst from the T@re 5); Twap€dks were observed

in the Chemigram profilE{lS]; this indicates that two forms of carbon were formed. Previous
studies indicate that the GQenerated at the lower temperature (36086 due to coking on the

active sites of the surface of the catalyst while the other type of carbon formed (5¢%°C)
pseudo-graphitic in structure and contains poly aromatic compounds. These are most likely formed

in and on the catalyst support or in some cases at the interface between the catalyst supports and

the active site 52].
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Figure 5:TGA FTIR analysis of used CLSR catalyst B (reduced form) A) C@against smoothed DTG B) CQagainst
weight loss of catalyst (5r=650 °C, Tox=800 °C, S/C= 3 and WHSV=2.36 hf)
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3.3.3 Catalysts characteristics after CLSR-HAc use in Rextahility study
SEM images of the used CLSR catalyst (Figyre 6) shows the presence of filamentous carbon; in

higher magnification, it is observed that two types of carbon filaments were formed in regards to
size of the carbon filaments. Denser and larger carbon filaments with a diameter of 51nm were
identified, and shorter and smaller filaments with diameter between 14nm to 18 nm which formed
the major share of carbon filaments were also observed. It has been suggested in a previous study
that the size of the carbon filaments formed on the surface of the catalyst might have an effect on
the process eﬁicienc@O]; the presence of more dense or larger carbon filaments would make it
more difficult for the fuel and steam reacting molecules to reach the active sites of the catalyst
thus introducing a larger external mass transfer barrier and hence reducing the rate of reaction and
catalytic activity. The oxidation of shorter and smaller carbon filaments which are prominent on
catalyst B is also easier when compared to oxidation of larger and denser carbon filaments.

LEMAS 2.0kV 5.8mm x 100k SE(U) 500nm

Figure 6:SEM images of the Used CLSR catalyst B after 10 cycles (in rezld form) Tsr= 650 °C, Tox =800 °C, catalyst
B, WHSV=2.5 hrl, S/C=3

TEM images and SAED diffraction patterns of the used CLSR catalyst can be |seen ir/Figure

the images in Figure|7(A) and the diffraction patterp in Figyre 7(B) indicate and confirm the

presence of amorphous carbon across the catalyst; these carbon spots are not evenly distributed
across the catalyst but are dispersed. The different int@émsitg colours also indicates, the level
of carbon deposition varies across different point of the catalyst. A poly-crystalline structure

Figure 7(C,D) was also observed in higher magnification of the catalyst which as expected

represents the pseudo graphitic carbon formed as already reported for the steam reforming of acetic

acid ].
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Figure 7 TEM images and Diffraction patterns of used chemical loopingteam reforming catalysts (in reduced form)
after 10 cycles of reforming; Tsr= 650 °C, Tox =800 °C, catalyst B, WHSV=2.5 ht, S/C=3

The poly crystalline structure as observed in the SAED diffraction pattErns (Figyre 7D

corresponds to C{peak observed at higher temperatures in the chemigram obtained from TGA-

FTIR analysis as detailed
filaments as observed in SEM imagEs (Figure 6) and the lowerp€ék in the TGA-FTIR

chemigram

(Figure

5

4 Conclusion

in Figurs

p 5 while the amorphous carbon corresponds to the carbon

An experimental study was performed using two conventional nickel based catalysts in a packed

bed reactor to study the possibility and efficiency of chemical looping steam reforming of acetic

acid, as a model compound of pyrolysis oils. The following observations and inferences were

deduced after post experimental analysis;

e The temperature at which the catalyst is oxidised in the air feed/ oxidation step plays a

vital role in chemical looping steam reforming; this is however dependent on the type of

catalyst utilised;

e Acetic acid is thermally unstable and decomposes easily; however, chemical looping steam

reforming process can be sustained at the right operating conditions as gasification of

carbon deposited occurs as the reaction goes on

e The auto reduction of the oxidised catalyst by acetic acid in an integrated system can be

sustained across several cycles at the operating conditions set for this study;
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e An overall carbon balance also indicated that in the overall cyclic process, the majority of
the carbon from the feedstock is converted efficiently to the product gas with no apparent

loss of activity in the cycles.

It can then be concluded that chemical looping steam reforming of acetic acid can loe carrie

out successfully and efficiently with a high fuel conversion and hydrogen yield across several

cycles at a stable and sustainable rate as long as the operating parameters in regards to catalys

type, reforming and oxidising temperature, and steam to carbon ratio are taken into account.
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