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ABSTRACT

A mathematical model for the synthesis of sodium borohydride (NaBH4) from finely dispersed
solid sodium hydride (NaH) and dissolved trimethyl borate (B(OH)3) in inert mineral oil was
developed. The model is based on a plausible reaction mechanism of dissolved and adsorbed
trimethyl borate on the surface of sodium hydride, where the reaction is presumed to take place.
The surface reaction between sodium hydride and trimethyl borate leads to the formation of main
(NaBH4) and side products (methoxy borohydrides), which was verified by chemical analysis of
sodium borohydride and methanol in the water extract of the oil phase. Extensive kinetic
experiments in a laboratory-scale isothermal and isobaric slurry reactor enabled a detailed kinetic
analysis of the data, including the derivation of a mathematical model for the formation of
sodium borohydride in a semibatch slurry reactor. The kinetic model was verified with
experimental information and can be used as an element for process design.

Keywords: sodium borohydride, trimethyl borate, synthesis, kinetics, slurry reactor, mathematical
model
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1 INTRODUCTION

Sodium borohydride (tetrahydroborate, NaBH4) is a very exciting chemical component. Four
hydride groups are attached to a single sodium atom, which gives a strong but very selective
reducing power to the compound [1-2]. Sodium borohydride was discovered in 1940’s in the
USA by H.J. Schlesinger and H.C. Brown. Because of the strategic and military importance of
the hydroboron compounds, the pioneering work was published much later, in 1953 [3-5]. H.C.
Brown obtained the Nobel Prize in chemistry in 1979 for his breakthrough research in organic
boron compounds.

The industrial use of NaBH4 is widespread, such as in the production of bleaching agents, fine
chemicals and pharmaceuticals, and in the reduction of metals for catalyst manufacturing.
Sodium borohydride is a very selective reducing agent of organic compounds, converting ketones
and aldehydes to alcohols, but saving other functional groups. It is able to reduce acyl chlorides,
thiol esters and imines and it is used in the synthesis of vitamin A. Sodium borohydride is
consumed in huge amounts in the production of the common bleaching agent for pulp and dying
industries, sodium dithionite from sulphur dioxide. Because of its special molecular structure,
and high hydrogen content, NaBH4 is a potential hydrogen storage component in fuel cells. Even
though more environmentally friendly ways for reduction, such as the use of molecular hydrogen
are continuously investigated, NaBH4 has preserved its position as one of the important reagents
in modern chemical industry [1-2].

Sodium borohydride is commercially available both in solid form and as alkaline solutions. In an
alkaline milieu, at pH=14, NaBH4 is kinetically very stable and can be safely stored long times.
Under acidic conditions NaBH4 reacts vigorously with water releasing hydrogen. Thus the safety
aspects are very important in the storage and use of NaBH4. The decomposition of NaBH4 can be
predicted at various pH-values and temperatures by a kinetic model published in ref. [6]. The
kinetic stability at high pH along with the selective reductive power of NaBH4 is the main reason
for its usefulness and success in the synthetic chemical industry.

Several routes for the large-scale synthesis of NaBH4 have been investigated, such as the Borax
process of Bayer AG [7], the tetrafluoroborate process developed at the Czechoslovak Academy
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Sciences [8], multistep thermal reductions [9], and metallic reduction agents [9]. Attempts have
also been made to replace sodium with the less expensive magnesium in the Borax process [10].
The potential of various process alternatives are reviewed by Wu et al [9], who conclude that
many of the proposed processes contain either thermodynamically unfavourable steps or require
many process steps. They predict that electrochemical production processes could be developed
to make sodium borohydride in a less expensive way.

However, the process concept proposed by Schlesinger and Brown [3-5] is still the dominant one.
It is based on the direct reaction of dissolved trimethyl borate (B(OCH3)3) with finely dispersed
sodium hydride (NaH) in an inert mineral oil at 250-270oC. This process step is a logical
continuation of the previous step, i.e. the production of solid NaH by hydrogenation of liquid
sodium by molecular hydrogen in a mineral oil dispersion. In the first process step, a complete
conversion of sodium to NaH can be achieved and the dispersion of NaH is taken to the next
process step, synthesis of NaBH4 [1-2]. Both process steps require an intensive agitation to keep
sodium as small droplets in the dispersion and to transfer molecular hydrogen and B(OH)3 to the
reaction mixture. Continuous operation is possible by coupling tank reactors in series. The
overall reactions in the production of NaBH4 are listed below,
4Na(l) + 2H2 (g) → 4NaH(s)
4NaH(s) + B(OCH3)3(l) → NaBH4 (s) + 3NaOCH3 (s)

By extracting the product dispersion with water, NaBH4 is dissolved in the aqueous phase and
NaOCH3 forms NaOH and CH3OH in the aqueous phase. The mineral oil is recycled – in fact it
is the working solution of the process. CH3OH is evaporated from the aqueous phase and is
brought in contact with boric acid (B(OH)3) to obtain B(OCH3)3. A concentrated, strongly
alkaline NaBH4 solution is obtained from the water extraction step. This solution can be used as
such, for example, in the production of the bleaching agent sodium dithionite, or dissolved
NaBH4 can be extracted with an amine and crystallized to obtain pure, solid NaBH4. The process
is complicated and very demanding from chemical, technical and safety viewpoints.
In spite of the long history – more than 70 years – of the synthesis of NaBH4, most of the
previous publications (see e.g. [1-2]) devoted to the topic are of qualitative character, reporting
3

the reactant conversion and product selectivity after a fixed synthesis time but not treating the
rate of the reaction, the quantitative kinetic aspects. In the present article, systematic kinetic data
on the synthesis of NaBH4 from NaH and B(OH)3 will be presented and discussed, followed by
an advancing modelling effort of the multiphase system. The endeavour of the current work is to
provide a comprehensive view on the synthesis kinetics of NaBH4 under industrially relevant
conditions.

2 STOICHIOMETRY, MECHANISM, KINETICS AND REACTOR MODEL

2.1 Model hypotheses
Some fundamental hypotheses were made before deriving the mathematical model for the
formation of sodium borohydride from sodium hydride and trimethyl borate. The reaction is
presumed to progress stepwise in an inert mineral oil so that the boron atom in dissolved
trimethyl borate gets a hydride substituent from solid NaH in successive steps. The methoxy
groups leave stepwise the trimethyl borate forming sodium methoxide. The final product is
dispersed solid NaBH4 in mineral oil. The reaction steps are assumed to be irreversible. The
reaction could principally proceed as a reaction between adsorbed trimethyl borate and NaH on
the solid surface, or as a reaction between trimethyl borate from liquid and the NaH surface.
However, taking into consideration the stepwise character of the process, i.e. the successive
replacement of methoxy groups by hydride in trimethyl borate, the adsorption hypothesis of
trimethyl borate is more plausible.

Based on the above reasoning, the reaction assumed to proceed at the outer surface of the very
small sodium hydride particles (dP=10-15μm) and the reaction products leave the sodium hydride
surface, thus no product layer is formed. This hypothesis requires vigorous stirring of the
dispersion. Because of vigorous stirring, the mass transfer resistance of trimethyl borate is
negligible around the sodium hydride particles. For the sake of simplicity, the NaH particles are
presumed to have equal sizes in the beginning of the reaction. Trimethyl borate is continuously
fed to the system during the process and the change of the liquid volume due to the addition of
trimethyl borate is included in the mathematical model. The other components (NaH, NaOCH3,
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methoxyborohydrides, NaBH4) are in batch. The semibatch reactor operates under isothermal and
isobaric conditions.

2.2 Reaction stoichiometry

Based on the hypotheses presented in the previous section, the successive reaction steps can be
written as
NaH (s) + B(OCH3)3 (l) → NaBH(OCH3)3 (l)

(I)

NaH (s) + NaBH(OCH3)3 (l) → NaBH2(OCH3)2 (l) + NaOCH3(s) (II)
NaH (s) + NaBH2(OCH3)2 (l) → NaBH3(OCH3) (l) + NaOCH3(s) (III)
NaH (s) + NaBH3(OCH3) (l) → NaBH4 (s) + NaOCH3(s)

(IV)

As revealed by the stoichiometric scheme, the reaction system is a parallel system with respect to
NaH (A), but a consecutive system with respect to B(OCH3)3 (B). The reaction mechanism can
be expressed in a compressed form,
A + B → X1

(I)

A + X1 → X2 + R

(II)

A + X2 → X3 + R

(III)

A+ X3 → P + R

(IV)

4A + B → P + 3R

2.3 Reaction mechanism and rate equations

The complete competitive-consecutive reaction stoichiometry displayed in steps I-IV above.
Based on this mechanism, simulations of the product distribution can be conducted, provided that
the numerical values of the rate constants are available.
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Sodium trimethoxy borohydride (X1) (melting point 230oC) is the only intermediate, which has
been confirmed experimentally [3-5]. The evidence of the other intermediates (X2 and X3) has
not been confirmed directly, but they follow a logical chemical reasoning: the boron atom
receives new hydride step-by-step, until solid sodium borohydride (P) (melting point 505oC) is
finally formed. Sodium methoxide (R) is released in each step, because a methoxy group in
trimethyl borate is replaced by a hydride group.

Based on the fact that X1 is observed experimentally, but X2 and X3 not, it is reasonable to
presume that reaction steps I and II are slow, whereas the subsequent steps III-IV can be merged
to a pseudo-step. The simplified mechanism is obtained,
A + B → X1

(I)

3A + X1 → P+3R

(II)

4A + B → P + 3R
The simplified vector for the components becomes a’T = [A B X1 P R] and the stoichiometric
matrix is written as

N ‘=

-1

-3

-1

0

+1

-1

0

+1

0

+3

(1)

The generation rates are obtained from

r = N’R’

(2)

By assuming that the first hydride addition in step II is rate-determining, the kinetics of steps I-II
can be expressed as
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R1 '  k1c A * c B *

(3)

R2 '  k 2 c A * c X 1 *

(4)

In this kind of fluid-solid reactions, the surface concentration of A is assumed to be constant,
because it reflects the total amount of NaH per surface unit. The effect of NaH is taken into
account in the mass balance for the reactor, where it is assumed that the total consumption or
production is proportional to the available area of solid (see Section 2.4). This reasoning implies
that the rate equations for steps I and II can be expressed by
R1 '  k1 ' c B *

(5)

R2 '  k 2 ' c X 1 *

(6)

where the lumped constants are k1’=k1cA* and k2’=k2cA*. The concentrations of B and X1 on the
NaH (A) surface are expressed by the classical adsorption isotherms of Langmuir, presuming that
the adsorption processes are rapid compared to the surface reactions.

Thus the surface concentrations of B and X1are given by
cB *  K B cB c *

(7)

c X 1 *  K X 1c X 1c *

(8)

A total balance for the surface sites of NaH is valid. In this case, it can be written as

c B * c X 1 * c*  c0 *
where c0* denotes the total concentrations of the surface sites on NaH. The concentration of
vacant sites on the surface is c*. The amounts of X2 and X3 on the surface are assumed to be so
small that their contribution to the total balance (9) is neglected.

After inserting the relationships (7)-(8) into the site balance equation (9), the concentration of
vacant sites (c*) is solved in a trivial way. The information from equations (5)-(6) and (7)-(8) is
combined, and the rate equations become

R1 ' 

k1 ' ' c B
1  K B c B  K X 1c X 1

(10)
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R2 ' 

k2 ' ' cX1
1  K B c B  K X 1c X 1

(11)

where k1’’=k1’KBc0* and k1’’=k2’KX1c0*. If the adsorption of X1 is small compared to that of B,
the term KX1cX1 in the denominators of equations (10) and (11) can be omitted.

According to the stoichiometry, the generation rates can be calculated from

rA   R1 '3R2 '

(12)

rB   R1 '

(13)

rX 1  R1 ' R2 '

(14)

rP  R2 '

(15)

rR  3R2 '

(16)

2.4 Semibatch reactor model

2.4.1 General aspects

For gas-solid and liquid-solid reactions, it is commonly assumed that the overall rate of the
process is proportional to the available total surface area (A) of the solid material. Consequently,
the general mass balance equation for an arbitrary component (i) in a perfectly stirred semibatch
tank reactor can be generalized to
dni
 ri A  n' 0i
dt

(17)

where n’0i denotes the component feed, i.e. added amount of substance per time. In the present
case, n’0i>0 for B, but zero for all the other components, because they exist in batch mode only.
The total surface area of NaH is A  n P AP where nP and AP denote the number of particles and
their individual areas, respectively.
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By elementary geometric considerations of ideal geometric particles (slab, long cylinder, sphere)
it can be concluded that the active area of a reacting particles at an arbitrary reaction time (t) is
related to the amount of the solid reagent (n) [11],

A  ni 


A0  n0i 

s /( s 1)

(18)

where A0 is the initial area in the beginning of the reaction and A is the area at an arbitrary time
(t). The amounts of substance in the beginning (n0i) and at an arbitrary time moment (t) are the
measurable quantities. The shape factor (s) is related to the particle geometry, to the ratio of the
area (AP) and the volume (VP) of the particle. The relation obeys the general rule [11-12],

AP s  1

VP
RP

(19)

where s=0 for a slab (flake), s=1 for an infinitely long cylinder and s=2 for a sphere. RP is the
characteristic dimension of the particle (e.g. radius of the cylinder or sphere). Recently it has
been shown by theoretical considerations and verified with experimental data that the treatment
of ideal surfaces can be extended to real surfaces with defects, such as cracks and craters [11].
The characteristic feature for this kind of surfaces is that additional surface area is available
besides the ideal area, thus s>2 for a non-ideal surface. In the extreme case, a completely porous
particle is approached, in which the major part of the area exists inside the particles, in the pores,
i.e. s→∞ which implies according to equation (18) that first order kinetics is approached:
s/(s+1)→1. Summa summarum, all non-integer values of the reaction order with respect to the
solid component are possible according to equation (18), depending on the particle morphology.

The initial surface area (A0) is related to the total specific surface area (σ0) and molar mass (Mi)
of the particles [11],
A0   0 n0i M i

(20)

After inserting this fundamental relation to the expression of A/A0, equation (18), we obtain

A  ni

s /( s 1)

n0i

1 /( s 1)

(21)

 0Mi

In this case, i=A (NaH), and the general mass balance (17) becomes

dni
1 /( s 1)
s /( s 1)
 ri 0 M A n0 A
nA
 n' 0 i
dt

(22)
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for all the components. The factor σ0MA is a scalar constant and can be merged to the rate
constants.

The liquid volume in the semibatch reactor is updated according to the formula
V L  V0 L  V ' 0 L t

(23)

where V0L and V’0L denote the initial volume and the total volumetric flow rate of the B-solution
fed into the reactor. The volumetric flow rate was constant during the experiment.
2.4.2 Dimensionless mass balances – amounts of substance

The mass balance equation (22) can easily be transformed to a dimensionless form by dividing it
with the initial amount of the key component, y i  ni / n0 .
The dimensionless mass balance equation becomes

dyi
s /( s 1)
 ri y A
 y ' 0i
dt

(24)

where
y ' 0 i  n' 0 i / n0

and    0 M A . The mathematical model is a system of ordinary differential equations (ODEs),
an initial value problem (IVP) with the initial condition yi  yi (0) .
2.4.3 Dimensionless mass balances – concentrations

Alternatively, the concentrations can be used as the variables in all the calculations. The
accumulation term in equation (22) can after differentiation be expressed as

dni d (ciVL )
dc
dV

 V L i  ci L
dt
dt
dt
dt

(25)

where dVL/dt=V’0L according to equation (31).
The feed rates of the components are n' 0i  c0iV ' 0 L . Recalling that dVL/dt=V’0L and inserting
equation (25) to equation (22) gives us the concentration-based mass balance
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dci
1
 VL (ri 0 M A (c0 AV0 L )1 /( s 1) (c AVL ) s /( s 1)  (c0i  ci )V ' 0 L )
dt

(26)

After introducing the parameter  0  V0 L / V ' 0 L the relation between the initial volume and the
volume at an arbitrary reaction time (t) is obtained,
VL / V0 L  1  t /  0

(27)

A dimensionless concentration vector with the elements (xi) is introduced, xi  ci / c0 . After
inserting the dimensionless vector in equation (26), the final form of the dimensionless
concentration-based mass balance equation is obtained,
s /( s 1)

dxi
x 0i  xi
xA


ri
dt  0 (1  t /  0 )
(1  t /  0 )1 /( s 1)

(28)

which is solved numerically with the initial condition xi  xi (0) .

2.4.4 Rate equations in mass balances

Both modelling approaches, equations (24) and (28) require the calculation of the concentrations
which appear in the rate equations (10) and (11). By definition, the concentrations are obtained
from the amount of substance and the volume, ci  ni / VL . The reaction volume in the semibatch
reactor is obtained from equation (23). For an experiment with a total feeding time (t*), the end
volume (VL*) is
V L *  V0 L  V ' 0 L t *

(30)

Division of with the initial volume gives the ratio

  V L * / V0 L  1  V ' 0 L t * / V0 L

(31)

This ratio (β) was kept constant in all the experiments, i.e. the same amount of the trimethyl
borate solution was added during the course of the experiment. The ratio V0L/V’0L is denoted by
τ0, which is solved from equation (31),

 0  t * /(   1)

(32)

After introducing the dimensionless amounts of substance (yi), according to the definition
yi=ni/n0i. , all the amounts of substance are expressed as ni  y i c 0V0 L , which is inserted in
equation (29) giving the update formula for the concentration,
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ci 

y i c0
1  (   1)t / t *

(33)

Equation (33) is valid for all the concentrations in the reaction system.

2.4.5 Numerical solution strategy

Both the dimensionless balances (33) (based on dimensionless amounts of substance) and (43)
(based on dimensionless concentrations) represent straightforward ordinary differential equation
(ODE) systems, initial value problems (IVP), which can be solved numerically with available
public and commercial software. For the numerical solution of kinetic problems, algorithms for
stiff ODEs are recommended, such as backward difference and semi-implicit Runge-Kutta
methods are generally recommended [12], because the values of the kinetic constants in the
system can be very different, which contributes to the stiffness of the system. In the present case,
the numerical problem was solved with the commercial software gPROMS [13], using the
algorithm for stiff ODE-IVPs. In the estimation of the kinetic parameters, the stiff ODE-IVP
solver was coupled to an optimization routine, in order to minimize the squared differences
between the experimentally observed and by the model predicted product yields (P and X1). In
general, the numerical simulations were conducted without any significant problems.

3 EXPERIMENTAL EQUIPMENT, PROCEDURES AND KINETIC DATA

3.1 Preparation of NaBH4 in oil dispersion

All the experiments were conducted in an isothermal and isobaric stainless-steel reactor, which
was operated at 230-270oC under atmospheric pressure. The reactor was equipped with a reflux
condenser to prevent the escape of volatile B(OCH3)3 (b.p. 67.4oC at 1 atm). The B(OH)3 (Merck
AG, zur Synthese 98%) needed for the reaction was dissolved in white mineral oil (Marcol) (30wt-% solution of B(OCH3)3) and fed into the reactor vessel with a peristaltic pump. The feed rate
was constant throughout the experiment. The storage vessel of B(OCH3)3 was placed on a
balance to check the feed rate. A dispersion of sodium hydride in mineral oil was prepared in
advance from Na (Merck AG) and hydrogen (AGA, 99.99%) and transferred to the reactor,
12

preheated to the reaction temperature after which the feed of B(OCH3)3 was switched on. A blade
impeller was used and the stirring speed was 800 rpm (Hans Heidolph Laborrührer) in the
systematic kinetic experiments. The feeding times were varied in different experiments in such a
way that always the same amount of B(OCH3)3 was fed into the reactor. A typical initial mass of
the NaH dispersion was 100g and the added mass of B(OCH3)3 and mineral oil (B(OCH3)3 –
mineral oil solution) was 43g. Thus the reaction mass increased by 43% during the experiment.
Therefore it was necessary to include also the volume change in the reactor model. After
completing the feeding of B(OCH3)3, the experiment was finished and a sample (10g) was
withdrawn from the reactor with a vacuum pump and taken to water extraction followed by
chemical analysis.

3.2 Water extraction

The sample content (unreacted NaH, NaBH4, NaOCH3, intermediate by-products, mineral oil)
was mixed with water, which lead to the dissolution of NaBH4 and NaOCH3 and evolution of H2
(from unreacted NaH and reaction intermediates). The remains of B(OCH3)3 did not contribute to
the mass balance in this stage, because B(OCH3)3 was either consumed in the reaction or
evaporated from the oil phase after completing the experiment. The aqueous extract contained
NaBH4, CH3OH (from NaOCH3 and NaBH(OCH3)3) and NaOH (from NaOCH3 and NaH). The
extraction was quantitative in 5-10 minutes.

During the water extraction step, the following reactions take place:
NaBH4 (s, oil) +3Na(OCH3) (s, oil) + 3H2O → NaBH4 (aq) +3NaOH (aq) + 3CH3OH (aq)
NaBH(OCH3)3 (s,oil) +4H2O → B(OH)3+ NaOH (aq) + 3CH3OH (aq) + H2 (g)
NaH (s,oil) +H2O → NaOH (aq) + H2 (g)

The reaction stoichiometry listed above reveals that the first reaction produces the CH3OH-toNaBH4 ratio 3:1 but the second reaction gives additional CH3OH because of the decomposition
of NaBH(OCH3)3.
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3.3 Chemical analysis

An analysis method, which would enable to determine both the concentrations of NaBH4 and
CH3OH in the aqueous phase was developed. The analysis method was based on the selective
reduction capacity of NaBH4. By addition of an excess of a ketone, in this case acetone, to the
water extract, the double bond of the ketone is reduced by NaBH4 to a hydroxyl group, according
to the stoichiometry (R=carbon chain),
NaBH4 +4RC=O + 4H2O → 4RCHOH +NaOH + B(OH)3

The amount of NaBH4 in the sample was calculated from the amount of alcohol (2-propanol)
formed.

Both products (NaBH4 and X1=NaBH(OCH3)3) give three moles of methanol according to the
stoichiometry. The amount of NaBH4 is calculated from n0NaBH4 = nRCHOH/4. The excess of
methanol reveals the amount of the intermediate by-product: n0NaBH(OCH3)3 = n0CH3OH/3 - n0NaBH4.
In case that the methanol amount is exactly 3 times the amount of NaBH4, no by-products are
formed.

The gas chromatographic (GC) analysis was straightforward. A gas chromatograph (Varian)
equipped with a capillary column (stationary phase SE-30) and a flame ionization detector (FID)
was used. The carrier gas was helium (3 bar). 1-Propanol was used as the internal standard. All
the chemicals (acetone, 1-propanol and 2-propanol, Merck AG ) were of analytical quality. A
specified amount of the internal standard, 1-propanol was added to the aqueous sample (0.2-0.3
μL) which was injected to the isothermally operated GC. The injector, column and detector
temperatures were 120 oC, 30oC and 150oC, respectively. The response factors of 2-propanol and
methanol with respect to 1-propanol were determined from a set of prepared aqueous solutions of
these compounds. The response factors of 2-propanol and methanol were f1=1.1514 and
f2=1.7314. The components were eluted from the capillary column in the order: methanol,
acetone, 2-propanol, 1-propanol. The peak separation in the chromatogram was good and the
peak areas were integrated numerically.
14

4 MODELLING RESULTS AND DISCUSSION
The experimental data are displayed in Figure 1. Totally 16 semibatch experiments are reported
here; each point of in the yield curve corresponds to one experiment. The yield curves of the final
product (P= NaBH4) show an increasing tendency as a function of the duration of the experiment,
whereas the experimentally recorded yields of the intermediate product (X1= NaBH(OCH3)3)
decrease as a function of the duration of the experiment. However, at t=0, no X1 is present, so the
yield of X1 is zero at t=0. Thus the yield curve of X1 passes a maximum, as indicated by the
simulations of the model. The continuous lines in Figure 1 represent the model predictions. The
yield of sodium borohydride (P) was improved in prolonged experiments, i.e. longer feeding
times of trimethyl borate (B). This is expected, because long reaction times favour the formation
of the final product in a consecutive-competitive reaction sequence B →X1→X2→X3→P, where
a reagent (here NaH) is added in each step. In fact, NaH, the parallel reagent was always present
in excess in the multiphase reaction system, because it was the batch component. This
arrangement maximizes the yield of the final product, NaBH4 (=P). The maximal yield of NaBH4
exceeded 90% in the longest experiment at 260oC (Figure 1).

In general, the model describes the experimental data rather well, which is also confirmed by the
overall parity plot displayed in Figure 2. No systematic deviations between the experimental data
and the model predictions could be detected in the parity plot. The conditions for the parameter
estimation and the parameter estimation results are collected in Tables 1 and 2, respectively.

The shape factor s=2, i.e. spherical particles of NaH was used in the parameter estimation. This is
in accordance with visual observations of the NaH dispersion. Preliminary parameter estimation
efforts indicated that the kinetic model could be further simplified, because the adsorption effects
of trimethyl borate (B) and trimethoxy borohydride (X1) turned out to be minor on the rate
equations (10)-(11). A good description of the system was achieved by assuming pseudo-first
order kinetics with respect to trimethyl borate and trimethoxy borohydride (KB=0 and KX1=0 in
equations 10-11).
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Table 1. Summary of the parameter estimation_procedure

Simulation settings: t=0: yA=4, yB=0, yX1=0, yP=0, yR=0, c0=1 (arbitrary unit), y’0B=1/t*, y’0i=0
(i≠B), t*=total time of the experiment, β=1.43, s=2

Functionalities:
 Ea j
k 'j  k 'j ,ref exp  
 Rg

1
1
 
 T Tref

 H
K B  K B ,ref exp  
 Rg


  , j  1, 2, Tref  503.15 K
 

1
1
 
 T Tref


  , Tref  503.15K
 

k ' j   0 M A k ' ' j c0

Table 2 – Parameter estimation results (Tref=503.15K=230oC).
k’1,ref
k’2,ref
Ea1
Ea2
KB,ref
ΔH

Value±95%C.I.
0.3014±0.1059
0.1180±0.009
104000±50000
53432±7494
0
0
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Units
min-1
min-1
J/mol
J/mol
m3/mol
J/mol

1.0

0.8

0.8

0.6

T = 503.15 K
P [-]

0.4

X1 [-]

P, X1 [-]

P, X1 [-]

1.0

0.2

0.6

T = 523.15 K
P [-]

0.4

X1 [-]

0.2

0.0

0.0
0

20

40

60

80

0

20

60

80

t [min]

1.0

1.0

0.8

0.8

0.6

T = 533.15 K
P [-]

X1 [-]

0.4

0.2

P, X1 [-]

P, X1 [-]

t [min]

40

0.6

T = 543.15 K
P [-]

X1 [-]

0.4
0.2

0.0

0.0
0

20

40

60

80

100

120

t [min]

0

20

40

60

t [min]

Figure 1. The yields of NaBH4 (P) and the intermediate product (X1), ΦP=yP, ΦX1=yX1 as a
function of the experimental time at four temperatures (230oC, 250oC, 260oC and 270oC).
Comparison of experimental data (points) and model predictions (continuous lines).
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80

Calculated values

1.0

0.8

0.6

0.4

P [-]
X1 [-]

0.2

10%
0.0
0.0

0.2

0.4

0.6

0.8

1.0

Experimental values
Figure 2. Overall parity plots of the model fit to all the experimental data displayed in Figure 1.

The values of the rate constants at the reference temperature (503.15K=230oC) and the activation
energies are reported in Table 2. The activation energy for the formation of NaBH4 in reaction
step 2 was determined to 53.4 kJ/mol. The results reported in Table 1 reveal that the accuracies of
the estimated parameters are in most cases reasonably good. The 95% confidence intervals of the
parameters are rather small for reaction 2, whereas they are clearly larger for reaction 1, the
formation of the reaction intermediate X1. The improvement of the parameter values for reaction
2 value would require experiments at even shorter reaction times, i.e. a more rapid feed of
trimethyl borate, which however was not possible for technical and safety reasons – a too rapid
addition of trimethyl borate resulted in evaporation of it from the reaction mixture. To check
further the effect of the rate parameter of the first reaction, a sensitivity analysis was performed.
The value of the rate parameter was changed with 35% from the optimum value reported in Table
2 and the yields of the the final product (P=NaBH4) and the intermediate (X1) were simulated at
260oC (533K), which is from a practical viewpoint a very relevant temperature. The simulation
results are displayed in Figure 3 which reveals that the model is rather insensitive for this change
of the parameter value.
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1.0

1.0

0.8

0.8

0.6

0.6

T = 533.15 K
k'1,ref
k'1,ref +35%

X1 [-]

P [-]

k'1,ref -35%

0.4

T = 533.15 K
k'1,ref

0.2

0.2

k'1,ref +35%
k'1,ref -35%

0.0
0

A.

0.4

40

80

0.0

120

t [min]

0

B.

40

80

120

t [min]

Figure 3. Sensitivity analysis of k’1,ref parameter in a window of ±35%. The yields of: A. NaBH4
(P); B. the intermediate product (X1), at 260oC.

A numerical simulation study was carried out by using the estimated kinetic parameters. The
dimensionless initial amount of A, yA(t=0) was varied between 1 and 4, and the reaction
temperatures were 230°C and 260°C, The shape factor was s=2 (spherical particles) and the
relative amount of trimethyl borate fed to the reactor per time was y’0B=1/t*. The results are
presented as contour plots in Figures 4 and 5. The figures reveal that long feeding times (t*) and
high relative initial amounts of NaH (yA at t=0) favour the formation of NaBH4 (P).

A

temperature increase leads to higher yields of NaBH4 and the maximum of the intermediate
product, X1 becomes sharper. This is in accordance with the experimental data displayed in
Figure 1: very narrow concentration maxima are predicted at 260°C and 270°C.
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P [-], T = 503.15K

X1 [-], T = 503.15K

4.0

0.77

4.0

0.43

3.5

0.67

3.5

0.39
0.35

yA (t=0) [-]

yA (t=0) [-]

0.58
3.0
0.48
2.5

0.39
0.29

2.0

3.0
0.31
2.5

0.27
0.22

2.0

0.19
1.5

0.18
1.5

0.10
0.00

1.0
0
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20

30

40

50

0.10

1.0

60

0

t* [min]

A.

0.14

10

20

30

40

50

60
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B.

Figure 4. Contour plots for NaBH4 (P) (A., left) and X1 (B., right) yields as a function of the
initial amount of NaH (yA at t=0) and the experiment stop-time (t*) at 503.15K (230oC).

P [-], T = 533.15K

X1 [-], T = 533.15K
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0.45
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0.33
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0.02

1.0
0

A.

0.21
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Figure 5. Contour plots for NaBH4 (P) (A., left) and X1 (B., right) yields as a function of the
initial amount of NaH (yA at t=0) and the experiment stop-time (t*) at 533.15K (260oC).
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5 CONCLUSIONS

A new mathematical model for the synthesis of sodium borohydride (NaBH4) from sodium
hydride (NaH) and trimethyl borate (B(OCH3)3) in mineral oil was introduced. The model is
based on the hypothesis of the adsorption of trimethyl borate on the surfaces of dispersed sodium
hydride particles in mineral oil. A plausible molecular reaction mechanism was proposed for the
stepwise addition of hydrogen from NaH to trimethyl borate. This hypothesis gave a set of rate
equations for the formation of NaBH4 and the intermediate by-products. The complete
stoichiometric model was simplified to comprise only one by-product (X1=NaBH(OCH3)3),
which has been confirmed experimentally. The simplified kinetic model was verified with
experimental data obtained from a laboratory-scale semibatch reactor. The model reproduced the
experimental data well indicating that the physical and chemical hypotheses of the model are
reasonable. The aacuracy of the model was better for the prediction of the concentration of the
final product (P=NaBH4), but the model was less accurate for the prediction of the reaction
intermediate (X1). Taking into account these aspects, the results can be used for reactor analysis
and process optimization.

NOTATION

A

total surface area, m2

A0

initial total surface area, m2

AP

surface area of a particle, m2

aj

merged parameter for reaction step j

a’

vector for chemical components

ci

concentration of component i, mol/m3

c

concentration vector, mol/m3

c*

concentration on the sodium hydride surface, mol/m2

c0

reference concentration, mol/m3

dP

particle diameter (=2RP), m

Ea

activation energy, J/mol

f

response factor in gas-chromatographic analysis
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∆H

enthalpy, J/mol

K

adsorption equilibrium constant, m3/mol

k

reaction rate constant

k’, k’’

merged rate constants

M

molar mass, kg/mol

N, N’

stoichiometric matrices

ni

amount of substance, mol

n

amount of substance vector, mol

n’0

inlet molar flow vector, mol/s

nP

number of particles in the liquid phase

Rj, R’j

rates of reaction step j, mol/(m2s)

R’

reaction rate vectors, mol/(m2s)

RP

characteristic dimension of the particle, particle radius, m

Rg

gas constant, 8.3143 J/(Kmol)

r, r’

generation rate vectors, mol/(m2s)

s

shape factor, -

T

temperature, K (or oC)

t

time, s

t*

total feeding time of B(OCH3)3, time of the semibatch experiment, s

VL

liquid volume, m3

VP

volume of a particle, m3

V’0

volumetric flow rate of the feed, m3/s

X

conversion of sodium hydride

xi

dimensionless concentration of component i, -

x

dimensionless concentration vector

y

dimensionless amount of substance i, -

y

dimensionless amount of substance vector, -

Greek letters
α

parameter, α =σ0MA, m2/mol

σ0

specific surface area of the particle, m2/kg

β

final-to-initial volume ratio of the reactor content, -

ν

stoichiometric coefficient, 22

ρ

density, kg/m3

τ0

time constant, τ0= V0L/V’0L, s

Φ

yield, -
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Subscripts and superscripts
i
component
j

reaction step

L

liquid

P

particle

ref

reference

T

transpose of a matrix or vector

*

surface site

0

initial state or inlet condition

Abbreviations
A

NaH

B

B(OCH3)3

P

NaBH4

R

NaOCH3

X1

NaBH(OCH3)3

X2

NaBH2(OCH3)2

X3

NaBH3(OCH3)
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SUPPLEMENTARY MATERIAL: EXPERIMENTAL DATA

Time (t)/ xx/min.yy/s, e.g. 16.45 = 16 min 45 s
Rotation speed of the stirre r= 800 min-1
230oC
t

ΦP

ΦX1

0

0

0

16.45

50.88

29.71

25

69.33

22.67

37

73.28

18.25

78

79.04

15.79

250oC
ΦP

t

ΦX1

0

0

0

10.45

54.75

41.25

16.30

63.99

35.19

36

78.36

19.59

67.40

84.77

14.41

t

ΦP

ΦX1

0

0

0

9

68.68

32.92

16.55

78.79

20.77

29.30

81.12

16.20

39.30

83.56

14.05

67.45

88.37

11.31

120

91.39

8.21

260oC

26

270oC
t

ΦP

ΦX1

10.15

61.51

28.29

16.30

75.25

18.81

28.30

81.72

17.65

69.00

89.63

14.82
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