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Abstract—The production of boric acid through reaction of borax crystals with propionic acid was investigated in
batch mode. It was found that the product boric acid precipitates on the solid borax reactant. An increase in the
coefficient of variation of feed crystals resulted in an increase in the time of completion of the reaction. A sharp
interface model with variable bulk fluid concentration of liquid reactant was developed for simulation of the process.
The anayticd solution of the series of rate equations involving liquid film, solid boric acid layer and chemical reaction
resistances was obtained, and a new method for simultaneous determination of kinetic parameters was established.
The chemical reaction and diffusion through the solid layer of boric acid were the rate controlling mechanisms. A
numerical agorithm was also developed for predicting the fractional conversion of multisize borax crystals using the
mono size kinetic parameters determined according to the proposed analytical method.
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INTRODUCTION

In the indudtrid two stage process of boric acid production from
sodium borates, borax (Na,B,O, 10 H,0) is reacted with sulphuric
acid and the product boric acid is then recovered from the solution
phase by cooling crystdlization [McKetta, 1999]. In this process,
the mean dze of the product crydds is about 100 um and larger
gzes cannat be atained without seeding operation. The larger boric
acid crygds have lower caking tendency in the warehouse (which
reduces the product loss during conservation and shipment) and
many more gpplications in chemica and process industries [Ger-
hartz, 2001]. Since a large amount of propionic acid is being pro-
duced as a by-product in some petrochemica sites, the esteblish
ment of a plant for boric acid production near to the main Ste is
economicaly judified [ZareNezhad, 2003]. Also, depending on the
requirements, different ranges of boric acid crystds can be pro-
duced: eg., mean Szes up to 462 and 780 um by using propionic
acid in one stage without seeding operation.

In thiswork, aone stage process for production of boric adid arys
tas through reaction of solid borax with propionic acid solution is
proposed. The reaction can be presented by the eqution:

NaB,0, 10 H,04+2 C;HCOOH,
—2 CHCOONa,,+4 HBOyq+5 H,0 )

The suggested process can be used as an dternaive way of pro-
duction of crystdline boric add. Effects of process variables, name-
ly, dtirrer speed, temperature, propionic acid concentration, mean
sSze and Sze didribution of borax crystas on the reection kinetics,
conversion profiles and crystd sze didribution of the product boric
acid are discussad and a mathematical modd for description of the
processis presented.
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EXPERIMENTAL PROCEDURES

Theayddlizer ussdwasal5 L jacketed baffled cylindricd ves-
= (Lemid, height 16 cm) maintained at congtant temperature.
The contents were gtirred with asix blade disk turbineimpeller at a
peed 15% higher than the minimum suspenson speed [Baldi et
d., 1978; ZareNezhad, 2003]. In atypica experiment 1L propi-
onic acid solution of a known concentration was charged into the
vessd and the contents were heated to the desired temperature. A
known amount of borax crydds, seved in the size range of 462-
780 um, was quickly added to the solution &t the start of an exper-
iment. Sampling was achieved by pipetting about 5ml of the con-
tents from the crygtdlizer at different time intervals and filtering it
through a 0.4 um pore szefilter pgper. The pipette tip diameter was
7 mm, adequete for collecting the product crystasin the Size range
of 8-1,200 pm.

Samples of the solid phase were andlyzed for crysd size digtri-
bution using amultichannd Coulter Counter (Modd Multisizer 11)
[Coulter Electronics Ltd., 1993]. The solid samples callected on
the filter paper were quickly dispersed into the Coulter cdl con-
taining filtered Isoton |1 saturated with borax and boric acid. The
samples of solids and filtrates were dso weighed and andyzed to
determine changes in the overdl compaositions of the solid and so-
lution phases during the process A weighed diquat of the dried solid
phase was dissolved in water and titrated againgt standard sulphu-
ric acid solution for borax and againg standard sodium hydroxide
olution for boric acid [Jefery et d., 1989]. Propionic acid and boric
acid concentrations in the solution were determined by pH titration
with standard sodium hydroxide solution and sodium propionate
by sodium ion analysis using an atomic absorption spectrophotom-
eter at awavdength of 539 nm.

A series of experiments was carried out & different operating
condiitions covering the variable ranges shown in Teble 1. Theinitid
mola concentration of propionic acid (¢,) was varied from 10 to
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Table 1. Rangesof run conditionsfor thereaction of borax crys-
talswith propionic acid solution

RUN (o Ccv N Lg T
(kmol/m®) (dimensionless) (Hz)  (um) (K)
S1-S5 10-20 0.05 16 780 293
$6-S10 15 0.05-0.82 17 780 293
S11-S15 10 0.05 18-34 780 293
S16-S20 10 0.05 17 462-780 293
S21-S25 20 0.05 19 780  288-304

20 kmol/m?® water, dtirrer speed (N) from 16 to 34 Hz, temperature
(T) from 288 to 304 K, mean sze of borax crydds (L) from 462
to 780 um and coefficient of variations of borax crygds (CV) from
0.05t0 0.82. Theloading of borax crystds, Mg was dways kept a
1 kmol/nr?.

MODELLING OF THE PROCESS

The experimentd results confirmed that in the reection of propi-
onic acid solution with borax crystas, the product boric acid depos
its mainly on the surface of borax crydds. This evidence suggests
that gpplication of the unreacted shrinking core modd is gppropriate
According to the sharp interface mode [Levenspie, 1998; Froment
and Bischoff, 1990], when the product of a reaction between solid
and liquid reactants precipitates as a solid layer around the solid
reectant, the reactant in the solution diffuses through the liquid film
surrounding the partide and then through the deposited solid prod-
uct to reach the surface of the solid reactant where it reects.

Fig. 1 shows the concentration gradients of propionic acid, the
fluid reactant, from the bulk solution through theliquid film and then
through the solid layer of boric adid to the surface of the borax core
whereit reects to produce boric acid and sodium propionate. Boric
adid arydds are assumed to form on the borax surface further thick-
ening the product layer.

Three important stages - trangportation of propionic acid from
the bulk of the solution to the solid-liquid interface, diffusion of the
reactant through the solid boric acid to the surface of unreacted core
and chemical reaction a the surface of the solid reactant (borax) -
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Fig. 1. Concentration profiles of the reactants according to the
shar p interface moddl.

are consdered in this sudy. For monosized sphericd partides sus
pended in a congtant volume reacting fluid, agenerd kinetic expres-
son induding three firgt-order steady-gtate processes can be obtained.
Following Levenspiel [1998], the molar rate of trangport of propi-
onic acid in each of the steps can be written asfollows:

(i) Intheliquid film:

_dN,

It =ki(c—cy) @

where N, is the number of moles of propionic acid in the solution
phese.

(ii) In the boric acid layer, integration of the 1t order diffuson
rate equation for points of radius r,.<r<R and concentration ¢.<c<c,
yidds

dN, .
- =K €)

(iii) At the surface of unreacted borax core according to algt order
chemica reaction:

-Eh = gicc, @
where k=Ak, K;=AK.=A(DJR), K=AKk,, A=41R* and &=r/R.
ki, k, and k are the bulk mass trandfer, product layer diffuson and
reaction rate coefficients

The consumption of propionic acid can be related to thet of solid
borax through the following rel ationship:

_dN,__ dE
q - 2PeRALT ©®
Levenspid [1998] assumes a congtant fluid concentration. Sincein
this work, propionic acid concentration veries as the reaction pro-
ceads, we hereintroduce avariable concentration asfollows

2X
e ©6)

where ¢ istheinitid propionic acid concentration and X isthe solid
borax conversion defined as

X =1-(r/R)’=1-& )
and K=(cy/Msg), the molar ratio of charged reectants.

Combination of Egs. (6) and (7) gives

c=2(a +&) ®

where a=(k/2—1)"*. The multiplier 2 which appearsin Egs. (5)-(8)
and dso in the definition of a is the number of moles of propionic
acid consumed per one mole of solid borax.

Combining Egs. (2)-(5) and (8) gives.
dé __ c(a’+&)
dt ©)

2
KpBR[—l} +DB(5—52) +E_J
Eqg. (9) can be integrated by using the boundary condition &=1 at
t=0:
Korean J. Chem. Eng.(Val. 21, No. 5)
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1 df Re(E-E)E,1s EdE __ G
ks—ﬁo,3+§3+Deri a*+E +k1ﬁa3+§3 KpBRﬁJdt (10)

The andytic solution of Eq. (10) can be derived as:
1_ In[ga+§) l+a }

Q M ¥ F (1ray
ety BACD) ), @+
ften [20{2—01(5+1)+25] Iy (1
where
Q=" 1
and thethree coefficients, n,, n, and n; are derived as
Ar 1,1
nl_ea[ ksa+De/R} (13
_ 11 1
" s ks DR 4
1, 1
=3 i *5R) (15

Having k,, k, and D,, Egs. (7) and (11) can be used for prediction
of solid converson with time. The method of determining these
rate congtantsis discussed in the next section.
1. Smultaneous Deter mination of the Rate Constants

In order to cdculae the rate congants, Eq. (10) can be trans
formed into the following form:

B GRAEGRRE) (16)
where
-1 1 -1
R0 =75, 70(0) 5 MO~ =KD 1)
_1 I SV o 1
FAO =358(0 MO ~ =KD +3M(© (18)
F(9="3M(8) (19)
and the functions G(&), H(&), K(&) and M(&) are defined as
+
G(9) =Ing—+i 20)
H(§) =Ind—a&*& (21)
a —-a+l
K(&) =tan—L30E 1) @)
207 —a(& +1) +2&
M(=InL*E e
a +1

Subdtituting the values of k; obtained by the corrdation of Asai et
a. [1986], the values of k, and k, for eech set of experiments can
be determined by minimization of the square of errors defined as

September, 2004

n 2

& :izl{wsFl(Ei) *Fo(&) +kllF3(fi) _%} (24)

where ¢, and ¢y, are equd to Lk, and 1/k, respectively and deter-
mined by Smultaneous solution of two linear equations obtained at
0&/0y=0 and 0&/0,=0.

Vaues of the k, and k, were determined by linear regresson andl-
yds of 160 data points from 25 experimental runs. These parame-
ters were then corrdated by Arrhenius type equations [Eqs. (25)
and (26)]. Also the vaues of k, can be expressed in the more con-
venient form of Eq. (27) adagpted from Asal et d., 1986 for turbu-
lent mixing condition. The standard errors in parameter eimetes
were determined a 95% confidence limits and the following cor-
relations were obtained:

k.=(8.7+0.63)x10° exp(- (49.14+2.62)/RT) 25
k,=(7.97+0.92)x107 L* exp(- (19.21+1.86)/RT) (26)
k=(4.62+0.71)x10"* L2 N exp(~ (12.2+1.54)/RT) @7

The influence of feed partide size digribution on the fractiond con-
verson of amultiparticle sysem [Pais and Portugd, 1994] can be
sudied by using the monosize partide kinetic parameters. In gpply-
ing Eq. (11) to afeed containing a distribution of particde szes, the
weight fractionw;, in N sze intervas can be used for predicting
the overdl conversion of the solid reectant as

X :iwi(u)xi(u o) (28)

where L; represents the average initid diameter of the paticde in
theintervd L, to L;,, and in weight fraction w; defined as (L +L..)/2,
and X; refers to the fraction reacted in that weight fraction. Hence,
the overdl converson of solid reactant with feed Sze digtribution
wi(L;) can be predicted as long as we know the conversion for the
individua partidesof origind sizeL; for any timet. Thelatter quan-
tity, Xi(L;, ¢, t) depends in generd on the concentration of propi-
onic acid, at timet.

In order to cdculae the overdl converson of an assembly of
feed crygtds, Egs. (2)-(5) and (7) were combined in the following
form:

dx; _ ac(1-X,)”*
&L Ly -aox) ) +dax)” “
ks ka i i k1 i
where 5=6/(2p.L;) and c is the concentration of propionic acid in
the solution phase @ timet.
In generd, the overdl converson, X, must be evauated accord-
ing to the following steps.

(1) Determination of k,, k, and k, a each size fraction, L; by Egs
(29-(27))

(2) Numericd integration of Eq. (29) for each Sze for a amdl
timeinterval

(3) Ovedl conversion, X computed from Eq. (28)

(4) Reduction in concentration of propionic acid caculaed from
Eq. (6)

(5) Repedting the teps 2, 3 and 4 until the completion of the pro-
cess
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In order to sudy the effect of feed Sze didribution &t a gecific
mean Sze, the coefficient of variaion (CV) of fead crysds (around
the mean) can be used as a parameter. CV in its discrete gpproxi-
meation form can be written as

(Li —Le)'w,
(@t -

Cv= L.

where L isthe weight mean Sze defined as.
Lg= iwai @31

The fourth order Runge-Kutta method with time step of 0.5swas
used for numerical integration of Eq. (29) in Sep 2, and the number
of dzeintervals, N, used for the prediction was 20.

RESULTS AND DISCUSSION

Crysd dze digributions (CSDs) of three solid phese sample ob-
tained a different time intervalsin atypicd run are shownin Fg. 2.
This figure shows that the differentid volume percent of fine parti-
des (<350 um) in 60 s sampleis low. The fine crystas could have
been created as a consequence of dtrition of larger particles The

20
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, 127
X
> 8-
4-
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Fig. 2. Crystal sizedidributions at different timeintervals.
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Fig. 3. Comparison of the smulated and observed solid borax con-
verson at different initial propionic add concentrations.

other CSDs obtained at 600 and 3,600 s look dmost Smilar to the
one & 60s All volume percentages of crydds a different times
arevery closeto eech other and concentrated around the borax seed
sze. Snce the initid crysas of borax have retained more or less
ther origind Sze, it can be concluded thet the product boric acid
depogits mainly as an outer 0lid crust around the unreected core
of solid borax.

The data obtained from the experiments were plotted as conver-
son fraction versus time, described as X=(the amount of reacted
borax in the solid reactant)/(the amount of origind borax in the solid
reectant) in Figs. 3-6. The converson profiles of different runs dl
a N of 16 Hz and different initia propionic acid concentrations are
shown in Fg. 3. For aconverson X=0.9 the reection timeis about
two times longer for ¢,=10 kmol/m® compared to an experiment
with a higher propionic acid concentration, ¢,=20 kmal/m?®. At a
given borax |oading, the batch run time was aways affected by the
available propionic acid concentration in the solution phase.

Fg. 4 shows the influence of borax crystd size on the solid reec-
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Fig. 4. Comparison of the smulated and measured solid borax
converson at different sizesof solid reactant.
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Fig. 5. Comparison of the smulated and measured solid borax
conversion at different temperatures.
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tant fractiond converson. The dtirrer gpeed in these three runswas
17 Hz but the reactant borax crystals were of different size ranges
The figure shows that increase in the reectant seed sze dightly &f-
fectstheinitid rate of converson, but after 300 seconds, there was
asharp decrease in the rate of fractiond converson and a subgantid
increase in the time of completion of reaction from 900 to 2400 s
asthe borax crystd sze increased from 462 to 780 um. For 780 um
reactant borax crystds, the time of reaction completion decressed
from 2,500 to 2,400 s when the dtirrer speed incressed from 17 to
34 Hz. Thus the experimenta results indicated thet the dissolution
of borax in propionic acid was afected primarily by the 9ze of borax
carygaswith the stirrer oeed having asmaller effect.

The effect of reaction temperature on the solid reactant conver-
son profiles was examined a different temperatures from 288 to
34K, as shown in Fig. 5. According to thisfigure, anincreasein
temperature from 288 to 304K resulted in a sengble increese in
theinitia rate of borax converson from 5x107°t0 8.7x10° s and
adecrease of time of completion of reaction from 1,580to0 1,000s.
These together with the resuilts concerning the effects of dtirrer gpeed
and borax seed sze, show that the dissolution of borax crygdsin
propionic acid solution is mainly controlled by the chemicd reec-
tion and/or diffusion through the solid product layer.

The influence of the spread of the feed crystd size digribution
about a fixed mean Sze on the s0lid borax converson is shownin
Fg. 6. The effect is not as dramatic as for changesin the mean, but
isdill dgnificant, indicating that the average particle sze of the feed
doneisnot sufficient to completdy characterize the dissolution pro-
cess Itisinteresting to note that the curvesin this figure cross over
one another; those for smal CV vaues have low initid rates and
relaively high rates of conversion for later times, and thasefor high
CV vdues have high initid rates and low converson rates at later
seges of the dissolution process. This occurs because increasing
vaues for the coefficient of variation result in an increasing abun-
dance of both andl and large diameters (relative to the mean) in
the population of feed crystals The smdl partides react & a high
rate giving rise to the initid shape of the curves wheress the large
paticlesreact & adow rate giving rise to the shagpe of the curves a

0.8

0.05
046 0 | ———
082 A [—-

t=15 mol’kg, L+=780 pm, N=17 Hz, T=293 K

X, borax fractional conversion

T T T T T
0 500 1,000 1,500 2,000 2,500 3,000
t,s

Fig. 6. Comparison of the measured and predicted solid borax con-
verdon at different coefficient of variations of feed crydals.
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Fig. 7. Comparison of the smulated and measured variations of
fractional resstances during the reaction for run S1.

longer batch run times

The contribution of the three sages on the overdl rate of reection
between borax crystas and propionic acid solution may be deter-
mined by comparing the chemicd reaction, solid product layer and
liquid film resstances. According to Eq. (9) these can be defined
asfollows

Q=2 (3

PR
where R=1/;, R,=(1-&/(&k;) and R=1/(&°K;) are the normdlized
resstances of liquid film, solid product layer and chemicd reac-
tion, repectively.

Fg. 7 showsaplot of the fractiona resstances, Q,,,, agang nor-
madized thickness of the solid product, d/R(=1-¢), according to
Eq. (32) for run SL. Thisfigure indicates thet at the initid stages of
the reaction, the dissolution processis mainly contralled by the chem-
ical reaction. The liquid film fractional resistance declines quickly,
such that a the boric acid thickness of 0.02 (X=0.06) about 10%
of thetotd resstanceis dueto diffuson through the liquid film and
it gpproaches zero when the normdized thickness of the solid prod-
uct layer exceeds 0.2. As the reection proceeds the product layer
res gance dominates and when the normaized thickness of the prod-
uct layer reaches around 0.04 (dotted linein Fg. 7: thickness=15.6
pum and X=0.11), the resistance offered by diffuson through the
solid product layer exceeds the sum of the other two resstances.
At the normdized solid product thickness of 0.6 (X=0.94), about
90% of totd ressanceis contributed by solid boric acid layer. This
isin good agreement with results obtained from run S1. According
tothemodd &t thefind stage of the process, the dissolution isagain
chemica reaction controlled a the normalized solid product thick-
ness of 0.96 (X=0.99).

Predicted borax converson a different operating conditions is
compared with typica experimentd datain Figs. 3-6. Egs. (7), (8),
(11-15) and (25-27) are usad to predict the converson of mono-
szed borax crygds with time. The fractional converson of multi-
sze borax crystasis dso predicted by combining these equations
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Fig. 8. Comparison of the measured and predicted conversion of
solid borax.

with Egs (28) and (29).

The predicted overdl conversons of the solid borax are dso com-
pared with experimental datafor dl runsin Fg. 8 & ardative devia-
tion of £6.2%. Figs. 3-8 indicate that the process is well described
by the proposed modd. Overdl, the predicted results are more ac-
curate a lower borax crysta sizes, lower temperatures, higher pro-
pionic acid concentrations and lower coefficient of varidions of
feed arydds.

CONCLUSIONS

A sharp interface modd with variable bulk fluid concentration
of liquid reactant was developed for smulation of the reaction of
borax crystals with propionic acid solution. A novel method for §-
multaneous determingtion of dl kinetic parameters based on the an-
aytica solution of the rate equations was presented. The chemical
reaction and diffusion through the boric acid solid layer were the
main rate contralling mechaniams. The effects of process variables,
namely, propionic acid concentration, borax mean crystd sze, tem-
perature and the coefficient of variation of feed crystas on the frac-
tional conversion of borax particles, were smulated by the pro-
posed modd. The suggested one stage process shows the advan-
tage of using an organic acid for direct production of crygdline boric
acid.

NOMENCLATURE

A. :externa surface of aborax crystal [n]

Co, C : initid and bulk concentrations of propionic acid repectively
[kmol (M)~

C, C. : conc. & the solidHiquid interface and at the surface of core
[kmol (M)~

CV : coefficient of variation of borax crystals|[-]

D. : diffugvity of propionic acidinthe porous solid layer of boric
acid [m?s™]

d :thicknessof the solid boric acid layer (R—r,) [m]

[ : experiment index [-]

k :bulk masstransfer coefficient [ms™]

k, :diffusionrateof acidin solid layer of product [ms™]

k, :chemica reaction rate coefficient [ms™]

k), k., K; : normalized forms of k;, k, and k; respectively [-]

Ly :meansizeof feed borax crystals[m]

L; :averagediameter of acut of the feed borax crystals[m]

: loading of borax crystals [kmol (m)~]

: dtirrer speed [HZ]

: moles of propionic acid in the solution phase [mol]

: number of experiments|-]

: parameter defined in Eq. (12) [9]

: gascongtant (=8.314) [Jmol ™ K™

: dimensionless resistance [-]

: dimensionless liquid film resistance [-]

: dimensionless resistance of solid boric acid layer [-]

: dimensionless resistance of chemical reaction [-]

: radiusin spherical coordinate [m]

: radius of unreacted core [m]

: temperature [K]

time[d]

: weight fraction of solid borax with mean sizeof L; [-]

: fractiona conversion of reacted crystds of themean cut size
Li []

X :fractiond converson of borax crystals[-]

- ;U'03>ZZ§

[

A 000

[

xé.—r_{oﬂﬂ

Greek Letters

p  :solid borax density [kmal (m)~7]

k  :mold ratio of the reactants[-]

a :paameterin Eq. (8) (=x/2-1) [-]

Ns - three parameters defined in Egs. (13-15) [m™'g]

&  :sumof squareerrors-]

¢  :dimensionlesscoreradius (=r/R) [-]

., Yo parametersdefined in EQ. (24) (=1/K,, 1/k respectively)
[ms]

Q. :fractiona resigtance[-]

0  :parameter defined in Eq. (29) (=6/(2p5L;) [kmol™ m?]
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