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Abstract: Hydrogen is an efficient, clean, and sustainable energy carrier with high energy density and
zero emission, which can find important applications in fuel cells. Hydrolysis of ammonia borane is an
enormous  alternative  to  produce  hydrogen.  In  this  study,  the  hydrogen  production  via  hydrolysis  of
ammonia borane for hydrogen fuel cell applications was investigated by using ASPEN HYSYS. Firstly, the
thermodynamic method and suitable reactor were specified with depending on hydrogen production rate.
The influences of reaction temperature and feed mass flow rate of water on the hydrogen production rate
were studied. Hydrogen was acquired in the act of mixture with ammonia, boric acid, and unreacted water
at the end of the reaction. First of all, solid boric acid was removed from the product mixture. Hydrogen
would be purified from ammonia and water by using the separatory equipment. The goal of this study is to
obtain  the  high production  rate  and  high  purity  of  hydrogen for  hydrogen  fuel  cell  applications.  The
optimum operation parameters were determined as 30°C of reaction temperature and 0.1 of feed water
concentration. 99.9% purity of hydrogen was obtained at 30°C.  The obtained results show that ASPEN
HYSYS could be successfully applied for the determination of optimum reaction conditions and appropriate
equipment for high production rate and purity hydrogen production from hydrolysis of ammonia borane.
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INTRODUCTION

In  parallel  with  technological  developments  and
population  growth,  the  energy  requirements  of
countries are increasing gradually. In this respect,
energy has strategic importance worldwide. Energy
is directly related to the economic development of
countries as well as their security. The researches
for  new  and  alternative  energy  sources  and
integration  with  existing  energy  systems  are
important steps for sustainability (1-2). Fossil-based
fuel  reserves  are  gradually  decreased  and caused
environmental pollution (3-5). Hydrogen production
is  a  suitable  environmental  solution.  Because,
hydrogen-based  energy  systems  which  are  high-
quality,  efficient,  clean,  reliable,  and  sustainable,
sufficiently meets the conditions expected from an
energy source (6-7). 

Hydrogen is considered the clean fuel of the future
due to its advantages such as high energy density
(142x103 kJ / kg) and electronegative properties. In
addition  to  these,  the  reasons  such  as  high  heat
conversion,  energy power,  and no harmful  wastes
when  burned  with  oxygen,  being  natural  and
renewable,  unlimited,  being  used  in  industry,
houses and vehicles, makes it advantageous among
the alternative energy sources (7-9). 

Fuel cells use hydrogen to convert chemical energy
into electrical energy. Depending on evolvement of
fuel cells, studies about storage and production of
hydrogen are also being performed (10-11).

The biggest  advantage  of  systems using chemical
hydrides for hydrogen production is that hydrogen is
not storable, but generable when needed. By using
this  system,  all  risks  and  difficulties  of  hydrogen
storage  are  eliminated.  Among  the  chemical
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hydrides,  sodium  boron  hydride  and  ammonia
borane have promising potential for using hydrogen
energy  in  vehicles  as  solid  hydrogen  storage
materials. When these two materials are compared,
ammonia  borane  contains  more  hydrogen  than
sodium  boron  hydride  (sodium  boron  hydride
contains  10.8 wt.% H2,  ammonia borane contains
19.6  wt.  %  H2).  Also,  the  aqueous  solution  of
sodium  boron  hydride  is  unstable  and  a  base  is
added to the solution for stabilization. In contrast,
ammonia borane has higher solubility and a more
stable structure in an aqueous solution. Non-toxic,
safe storage, high solubility in water, high stability
in  aqueous  solution,  and  dehydrogenation  in  low
temperature  are  other  advantages  of  ammonia
borane.  Due  to  such  prominent  properties,  it  is
possible to use ammonia borane as a high-density
hydrogen generator in portable fuel cells (12-16).

Hydrogen generation is carried out by hydrolysis of
ammonia borane. 1 mol of ammonia borane reacts
and 3 mol of hydrogen occurs (16). The hydrolysis
reaction  of  ammonia  borane  was  given  in  the
following equation.

NH3BH3 (aq)+3 H2O --> NH4
++BO2

-+3 H2 (g)  (1)

By  using  this  method,  rapid  and  controllable
hydrogen  production  is  possible.  Hydrogen

production  by  hydrolysis  method  in  catalytic
systems directly  depends on the active  substance
and  surface  area  of  the  catalyst.  The  biggest
advantage of this method is that hydrogen can be
produced quickly and at low temperatures (17-18).

In literature, there are lots of experimental studies
about the hydrolysis of ammonia borane. According
to the author’s knowledge, this is the first study on
simulation of  hydrogen production from hydrolysis
of ammonia borane by using Aspen HYSYS. In this
research,  suitable  reactor  for  the  reaction  was
selected  and  designed  in  Aspen  HYSYS.   The
convenient thermodynamic method for the reaction
was specified. After that, the details of simulation
were given. The optimum reaction conditions such
as reaction temperature and feed flow rate of water
were determined. By the determination of optimum
process  conditions,  hydrogen  synthesis  from
hydrolysis of ammonia borane process design was
simulated.

SIMULATION MODELING

Hydrogen  production  from hydrolysis  of  ammonia
borane  was  investigated  with  ASPEN HYSYS.  The
scheme  of  simulation  of  the  hydrogen  production
process is shown in Figure 1. 

Figure 1: Scheme of simulation of hydrogen production.

The list of equipment was given in Table 1.

Table 1: Equipment list in simulation.
Equipment Code Equipment Description Duty

MIX-100 Mixer Mixing of feed components
PFR-100 Plug flow reactor Hydrogen production from

hydrolysis of ammonia borane
T-100 Absorption column Purification of hydrogen

Water and ammonia borane at different feed flow
rates were fed to the mixer and stirred. After the
mixer,  the  mixture  of  water-ammonia  borane
entered  the  plug  flow  reactor.  The  hydrogen
synthesis from hydrolysis of ammonia borane was
operated in a plug flow reactor. At the end of the
reaction;  hydrogen,  boric  acid,  unreacted  water

were obtained. The reaction products were initially
sent to the simple solid separator.  Boric acid was
removed from the mixture in this equipment. Vapor
phase,  which  contained  hydrogen,  water,  and
ammonia,  was  sent  to  the  absorption  column.
Finally,  hydrogen  was  purified  by  using  an
absorption column and obtained as pure. 
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RESULTS AND DISCUSSION

Selection of Reactor Type
The  appropriate  reactor  type  was  determined
according  to  the  hydrogen  production  rate.

Hydrolysis reaction of ammonia borane was carried
out by using a conversion reactor and a plug flow
reactor.  Determination of  appropriate reactor type
was  investigated  on  hydrogen  production  rate
(nH2/nAB) with the changing temperature.

Figure 2: Selection of reactor type in different temperature.

Figure  2  shows  the  hydrogen  production  rate  in
conversion  and  plug  flow  reactor.  Hydrogen
production rate  in  the  plug flow reactor  is  higher
than  that  of  the  hydrogen  production  rate  in  the
conversion  reactor.  This  result  is  related  to  the
working  principle  of  reactors.  Plug  flow reactor  is
based  on  reaction  mechanism  and  used  catalyst
features. As ammonia borane and water flown and
reacted along the reactor, hence, the axial change
in  concentration  value  observed.  The  conversion
reactor  is  only  based  on  conversion  and
stoichiometric ratio. Conversion values are defined
to the reactor by the user. Reaction continues until
the  particular  conversion  has  been  acquired.
However, PFR calculates the reaction yield according
to reaction mechanism and catalytic properties. In
experimental  studies,  catalyst  has  an  important
effect for the reaction. From all reasons above, PFR
was used to simulate hydrogen production. Due to
the  more  production  of  hydrogen,  a  plug  flow
reactor was used for all processes. The reaction is
exothermic,  so  there  is  no  effect  of  temperature
increment on the hydrogen production rate.

While  the  obtained  hydrogen  production  rate  was
0.0270  in  the  conversion  reactor,  this  value  was
3.014 for the plug flow reactor. 

Selection of Thermodynamic Model
Thermodynamic  methods  are  utilized  to  show the
phase equilibrium and energy level of components

in  the  systems.  There  are  five  types  of  property
methods in ASPEN HYSYS. The equations of state,
activity  models,  Chao-Seader  based  empirical
methods, vapor pressure models, and miscellaneous
methods  are  available  as  thermodynamic  models.
The equations of state are generally recommended
for oil, gas, and petrochemical applications. It can
be used for single, two, and three-phased systems.
The  model  calculates  the  properties  with  high
efficiency.  The Activity Models is mostly preferred
for non-ideal systems. The Chao-Seader is an older
and semi-empirical  method. Vapor Pressure model
is to be utilized for ideal mixtures at low pressure
values. The Miscellaneous methods are preferred if
the groups previously mentioned do not fit.

In this study, equations of state and activity models
were  tested.  Soave-Redlich-Kwong  (SRK),  Peng
Robinson (PENG-ROB), Peng-Robinson Stryjek Vera
(PRSV) in equations of state and Non-Random-Two-
Liquid  (NRTL),  Wilson,  UNIversal  QUAsi  Chemical
(UNIQUAC)  in  activity  models  are  applied.  The
activity  methods  are  resulted  in  low  hydrogen
composition  according  to  the  EOS.  Besides  that,
byproduct  amounts  increased  while  the  activity
models  were  used  due  to  the  formation  of  low
hydrogen  amount.  Especially,  formation  of  more
ammonia  is  an  undesired  state  for  fuel  cell
applications. Therefore, the low amount byproduct
formation  was  chosen.  The  obtained  results  were
given in Table 2.
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Table 2: The selection of thermodynamic method.
Property Package Model Hydrogen

Composition

Equations of State
PENG-ROB

SRK
PRSV

0.9347
0.9306
0.9229

Activity Models
NRTL 0.8647

WILSON 0.8456
UNIQUAC 0.8586

All thermodynamic methods were examined in 30 oC
of reaction temperature, 0.01 kg/h of water mass flow
rate and 1 bar of  pressure.  According to  Table  2,
Peng Robinson method was selected was chosen as
an  appropriate  thermodynamic  model.  Also,
hydrogen  synthesis  reaction  from  hydrolysis  of
ammonia borane results  in the formation of solid,
liquid,  and  vapor  phase  products.  Therefore,  the
usage of equations of state is appropriate for this
process.  Because these  methods can be used  for
single,  two  and  three  phase  systems.  Among
equations of state models, the Peng Robinson model
has been chosen as an appropriate thermodynamic
model.

Simulation  Details  of  Hydrogen  Production
from Hydrolysis of Ammonia Borane
Hydrogen  production  from  hydrolysis  of  ammonia
borane  has  not  been  examined  previously  in  the
ASPEN  HYSYS  simulation  programme.  No  study  is
available in the literature on the Hydrogen production

from hydrolysis of ammonia borane by using ASPEN
HYSYS. According to the author’s knowledge, this is
the  first  study  on  ASPEN  HYSYS  simulation  of
hydrogen  production  from  hydrolysis  of  ammonia
borane.

According  to  the  stoichiometric  ratio,  excess  water
was  fed  to  the  reactor.  Also,  usage  of  diluted
ammonia  borane  in  reaction  has  some advantages
such  as  the  formation  of  low  byproduct,  the
decrement  of  the  increase  in  ambient  temperature
due to the exothermic reaction. 1 mol of ammonia
borane reacts and 3 mol of hydrogen occurs (16, 19).
At the first stage of the process, water and ammonia
borane were stirred in a mixer at 30  oC and 1 bar.
Ammonia borane is  a solid component, mixed with
water and was dissolved, liquid mixture was achieved.
The mixed stream was obtained and sent to plug flow
reactor. Plug Flow Reactor (PFR) which is shown in
Figure 3 is used for hydrogen generation.

Figure 3: Plug flow reactor.

Plug flow reactor was operated 30 oC and 1 bar. The
usage of appropriate catalyst  plays a significant part
on the hydrogen generation rate. The used catalyst
was a ruthenium based catalyst. The researches in
literature  confirmed  that  ruthenium-based  catalysts

are  one  of  the  most  productive  catalysts  for  the
ammonia  borane  hydrolysis  reaction  (20-24).  The
features of the used catalyst can be seen in Table 3.
These  values  are  also  defined  in  simulation
programme.

Table 3: The catalyst data.
Particle Diameter 3.8e-009 m

Particle Sphericity
1

Solid Density 0.5 kg/m3

Bulk Density 0.15 kg/m3

Solid Heat
Capacity

10 kj/kgoC

The feed molar flow rates of ammonia borane and
water  are  1.5x10-6 and  5.55x10-3 kmol/h.  The
conversion of ammonia borane was 100%. There is
no ammonia borane in product stream. The produced

hydrogen molar flow rate is 5.542x10-3 kmol/h. The
hydrogen production rate (nH2/nAB) was calculated
as  0.19.  The  molar  composition  of  the  product
stream was given in Table 4. 
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Table 4: The molar composition of the product stream.

Components Mole Fraction

H3BO3 0.0003

Hydrogen 0.0008

H2O 0.9986

AB 0.0003

NH3 0.0027

The  products  of  hydrogen  synthesis  reaction  are
H3BO3, NH3, H2 and unreacted water. The H3BO3 was
obtained as a solid phase at the end of the reaction.
Therefore, the removal of H3BO3 gains importance

for the obtain pure hydrogen. For this purpose, solid
separator  was  used.  The  simple  solid  separator
equipment is shown in Figure 4.

Figure 4: Simple solid separator.

The solid phase was completely separated. Due to
the no hydrogen in a liquid phase, the vapor phase

was sent to the separator. The molar composition of
each stream in the exit side was given in Table 5.

Table 5: The molar composition of the product stream.

Components Solid Vapor Liquid

H3BO3 1 0.0000 0.0000

Hydrogen 0.0000 0.9915 0.0000

H2O 0.0000 0.0077 0.9973

AB 0.0000 0.000 0.000

NH3 0.0000 0.0008 0.0027

Vapor  stream  includes  Hydrogen,  H2O  and  NH3

components.  Hydrogen  should  be  purified  from
water and NH3. Therefore, the separator should be
used in the process. For that purpose, an absorption
column was used and a high purify of hydrogen was
obtained. The used absorption column  is shown in
Figure 5.

The  additional  water  stream  was  given  in  the
absorption column. Ammonia was dissolved easily in
water, and separated from hydrogen. 99.15 wt. %
hydrogen purity was obtained in the upper stream.

Investigation of Reaction Parameters
Effect of temperature
To  investigate  the  effect  of  temperature  on  the
hydrogen  production  reaction  from  hydrolysis  of
ammonia  borane,  the  temperature  range  was
chosen as 20-50 oC with  10 oC of  increment.  The
observed mass fraction of hydrogen and ammonia
were given in Figure 6.
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Figure 5: Absorption column.

Figure 6: Effect of reaction temperature.

The  hydrogen  production  from  hydrolysis  of
ammonia  borane  is  an  exothermic  reaction.
Therefore, an increase in temperature results in low
hydrogen concentration (7, 17, 25). With the raise
in reaction temperature from 20 °C to 50 °C, the
mass fraction of hydrogen decreases from 0.9959 to
0.9694. Besides, the mass composition of ammonia
increased from 0.0004 to 0.0022. The maximum H2

mass composition was acquired at 20 °C. This is the
expected result.

Effect of feed mass flow rate of water 
To investigate the effect of the feed mass flow rate
of  water  on  the  mass  fraction  of  hydrogen  and
ammonia in the hydrolysis of ammonia borane, the
water at different ratios were fed to the system. The
dependence of the feed mass flow rate of water on
the  mass  fraction  of  hydrogen  and  ammonia  is
investigated by varying the mass flow rate of water
from 0.001 kg/h to 0.1 kg/h,  and the results  are
shown in Figure 7.

With  the  increase  of  the  feed  mass  flow  rate  of
water,  the  mass  fraction  of  hydrogen  increased.
When  the  feed  mass  flow rate  of  water  was  0.1
kg/h,  the  highest  hydrogen  composition  was
obtained.  As  the  water  concentration  increased in
the  feed  mixture,  ammonia  borane in  the  feed
mixture  was  diluted.  In  experimental  studies,
diluted ammonia borane was used for the reaction.  

As the increment of dilution of the ammonia borane,
the formation of ammonia had been decreased. This
result  was  supported  by  the  literature.  It  can  be
explained that  the  use of  dilute  Ammonia  borane
solution  reduces  the  increase  in  ambient
temperature as a result of the exothermic reaction,
thus reducing the formation of ammonia (26-27).

As seen in Figure 7, when the feed mass flow rate of
water  was increased from 0.001 to  0.1 kg/h,  the
mass fraction of hydrogen increased from 0.9806 to
1.  Under  the  same  conditions,  ammonia
concentration decreased from 0.0004 to 0.
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Figure 7: Effect of feed mass flow rate.

CONCLUSION

The  hydrogen  production  from  hydrolysis  of
ammonia borane had been carried out in conversion
and Plug flow reactor. The highest hydrogen mass
composition was achieved in plug flow reactor. Plug
flow reactor calculates the reaction yield according
to the reaction mechanism and catalytic properties.
Therefore,  a  plug  flow  reactor  was  preferred  for
hydrogen  synthesis.   Peng  Robinson  as  the
thermodynamic model was selected. Peng Robinson
is one of the equations of state model.  It  can be
utilized  for  multiple  phase  systems.  Then,  the
general  simulation  design  was  investigated.  The
details  of  each  equipment  were  explained.  After
that, the effects of temperature and feed mass flow
rate of water were investigated. Firstly, the effect of
temperature on the mass fraction of hydrogen was
examined.  A  decrement  of  hydrogen  fraction  was
detected in high temperature values. This result is
related to the exothermic behavior of the reaction.
The optimum temperature was found as 20 °C. The
feed mass flow rate of water was also investigated.
The  mass  fraction  of  hydrogen  increased  with
increasing water amount in the feed mixture. As the
increment of  dilution of the ammonia borane,  the
formation  of  ammonia  had  been  decreased.
Therefore,  the  optimum feed  mass  flow rate  was
chosen as 0.1 kg/h. Also, the hydrogen was purified
with  absorption  column.  At  the  end  of  the
purification, hydrogen was achieved as 99.15 vol %
purity at 1 bar and 30 °C.  The study conducted
show that ASPEN HYSYS can be used to hydrogen
production from hydrolysis of ammonia borane.
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