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bstract

Manganese nodule leached residue (MNLR) was obtained as waste material after selective extraction of Cu, Co and Ni from Indian Ocean
anganese nodule. MNLR was washed with water to remove sulphate and other impurities present in its surface. The catalytic activity of the waste
aterial was tested for liquid phase esterification of acetic acid with n-butanol. The effect of reaction time, catalyst amount, temperature and mole

atio of reactants on esterification was studied to optimize the reaction conditions. Water-washed manganese nodule leached residue (WMNLR)

alcined at 400 ◦C shows highest catalytic activity with 76.6% conversion having 100% selectivity towards n-butyl acetate. Esterification reaction
ollows first order kinetics with respect to acid and 0th order with respect to n-butanol. Conversion of C1–C4 aliphatic acids with n-butanol follows
he following order: formic > acetic > proponoic > n-butyric.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The esterification of carboxylic acids is one of the fundamen-
al reactions in organic synthesis [1]. Liquid phase esterification
s an important method for producing various esters. Esteri-
cation of acetic acid with n-butyl alcohol is commercially

mportant as the product n-butyl acetate is widely used in the
anufacture of lacquer, artificial perfumes, leather, flavoring

xtract, photographic films, plastics, pharmaceuticals and safety
lasses [2]. It is also used as dehydrating agent. Conventional
ethod of esterification reaction involves the use of mineral

cids such as H2SO4, HCl, HF, H3PO4 and ClSO2OH, etc.
hese acids are corrosive and the excess acid has to be neu-

ralized after the reaction leaving considerable amount of salts
o be disposed off into the environment. So the replacement of
hese conventional hazardous and polluting corrosive liquid cat-

lysts by solid acid catalysts is the demand of the day to create a
leaner technology. Reduction of environmentally unacceptable
aste to minimize environmental pollution is the crucial factor

or developing environmentally friendly catalyst.

∗ Corresponding author. Fax: +91 674 2581637.
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Of late a lot of effort was given to use solid wastes as cata-
yst that are generated from industrial process to minimize their
isposal problem, pollution control and a low cost substitute
or conventional catalyst. Manganese nodule leached residue is
ne of such material, which is obtained as a waste after extrac-
ion of Cu, Co and Ni from Indian Ocean manganese nodule
hrough NH3–SO2 leaching followed by solvent extraction and
lectrowinning technique. This material is of interest due to its
emarkable surface and texture properties to be used as a catalyst
3].

Several heterogeneous catalysts are reported in the literature
or esterification including ion exchange resin [4], HZSM-5 [5],
eolites-Y [6], niobic acid [7], sulphated oxide [8], supported
eteropoly acids [9] and acidic ionic liquids [10] but no work
as been reported using manganese nodule leached residue as a
atalyst. The present study aims to evaluate the catalytic activity
f this solid waste and its calcined counterparts towards ester-
fication of acetic acid with n-butanol. Further various reaction
arameters such as effect of reaction time, temperature, molar

atio of the reactants and the amount of the catalyst on n-butyl
cetate formation was evaluated to optimize the reaction con-
itions. The product, selectivity and rate constants were also
valuated.

mailto:kmparida@yahoo.com
dx.doi.org/10.1016/j.molcata.2006.10.031
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Table 1
Chemical analysis of water-washed manganese nodule leached residue
(WMNLR)

Major element %

Mn 28.8
Fe 2.55
Al2O3 19.8
SiO2 0.35
SO4

2− 5.58
Moisture 15.01
LOI 9.48

Minor element ppm

Cu 0.157
Co 0.31
N
Z
C
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trophilic substitution reaction. The reaction is relatively slow
and need activation either by higher temperature or by a catalyst
to achieve higher conversion to a reasonable one. Liquid phase
reaction of acetic acid and n-butanol catalyzed by solid acids

Table 2
Surface area and Brønsted acid sites of calcined WMNLR samples

Catalyst Surface
area
(m2/g)

Brønsted
acid sites
(�mol/g)

Surface
oxygen
(mmol/g)

Surface
hydroxyl groups
(mmol/g)

WMNLR-110 108.2 60.9 5.33 0.189
WMNLR-200 119.0 64.7 7.96 0.238
WMNLR-300 135.9 72.8 9.45 0.285
S.S. Dash, K.M. Parida / Journal of Molec

. Experimental

.1. Preparation of the catalyst

Manganese nodule leached residues (MNLR) for the present
tudy was collected as a residue obtained from the pilot plant
tudies of NH3–SO2 leaching of manganese nodule of cen-
ral Indian Ocean basin. They were crushed to fine powders
nd sieved to different sieve fractions. The size fractions (−75
o +50 �m) were collected for further studies. Water-washed
eached residues were prepared by taking solid to liquid ratio
f 1:10, stirred on a magnetic stirrer using a magnetic paddle
t room temperature for 4 h, subsequently filtered and washed
horoughly in double distilled water. About 10 g of sample cal-
ined at desired temperatures from 110 to 700 ◦C for 3 h in a
uffle furnace with a suitable controller to maintain offset tem-

erature ±5 ◦C. Then, it was allowed to cool to ca. 50 ◦C and
tored in a desiccator over fused CaCl2. The water-washed man-
anese nodule leached residue calcined at various temperatures
as labeled as WMNLR-T, where T denotes the corresponding

alcination temperature in ◦C.

.2. Characterization

X-ray diffraction patterns of heat-treated samples were
ecorded on a Philips semiautomatic X-ray diffractometer with
uto-divergent slit and graphite monochromator using Cu K�
adiation operated at 40 kV and 20 mA.

TG–DTA of the samples (about 15 mg) was carried out using
Shimadzu DT-40 automatic thermal analyser in the tempera-

ure range 30–1000 ◦C at a heating rate of 10 ◦C min−1.
The FT-IR spectra (4000–400 cm−1) of the samples in KBr

hase were recorded using a JASCO Model 5300 spectrometer.
The surface area of all samples was determined at liquid nitro-

en temperature (77 K) by Quantasorb (Quantachrome, USA).
Brønsted acid sites was determined spectrophotometrically

n the basis of irreversible adsorption of organic bases 2,6-
imethyl pyridine (pKb = 6.9) [11].

.3. Catalytic reaction

The esterification reaction was carried out taking 0.025 g of
he catalyst (dried at 110 ◦C for 6 h in an oven), 2 mmol of acetic
cid (Merck, 99.8%), 32 mmol of n-butanol (Merck, 98%) and
.20 mmol of n-heptane (Merck, 99%) as an internal standard in
100 ml round-bottomed flask equipped with a reflux condenser.
he contents were then refluxed gently at 98 ◦C for 4 h. Then the

eaction mixture was filtered and the products were analysed by
eans of gas chromatograph (GC-17A Shimadzu, Japan).

. Result and discussion

.1. Characterization
Powder XRD pattern shows the amorphous nature of the
eached residue with some diffused broad peaks at 2.41, 3.32
nd 3.18 Å indicating the presence of �-MnO2, quartz (�-SiO2)

W
W
W
W

i 0.171
n 0.066
d 0.0142

nd plagioclase/zeolite mineral, respectively. The peak at 110 ◦C
n the temperature range 40–120 ◦C of the DTA curve corre-
ponds to a weight loss of ∼12%, which could be due to the loss
f physisorbed water. FTIR peaks show presence of Si–O–Al
f silicate minerals, quartz and Mn–O vibration. The sulfate
resent in MNLR removed by water washing was evident from
TIR spectra. Details of physicochemical characterization were
iven elsewhere [3]. Table 1 represents the percentage of various
lements of water-washed manganese nodule leached residue.

MNLR contains Mn and Fe as major component with other
race elements. Table 2 shows the BET surface area, surface
xygen, surface hydroxyl groups and Brønsted acid sites of cal-
ined WMNLR samples. Surface area and Brønsted acid sites
ncreases with increase in calcination temperature up to 400 ◦C
nd decreases thereafter. Surface oxygen and surface hydroxyl
roup also follow a similar trend as that of surface area and
rønsted acid sites.

.2. Application of WMNLR catalyst for esterfication
eaction

The esterification of acetic acid with n-butanol is an elec-
MNLR-400 175.0 89.5 10.92 0.322
MNLR-500 149.5 67.7 6.60 0.233
MNLR-600 69.4 53.2 5.02 0.183
MNLR-700 49.8 45.6 1.53 0.100
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Table 3
Conversion, selectivity and rate constants for esterification of acetic acid over
calcined WMNLR catalyst

Catalyst Conversion (%) Selectivity (%) Rate constant
(×10−5 s−1)

WMNLR-110 42.4 96 3.83
WMNLR-200 55.0 98 5.54
WMNLR-300 62.2 99 6.75
WMNLR-400 76.6 100 10.12
WMNLR-500 61.3 100 6.59
WMNLR-600 47.8 98 4.5
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MNLR-700 41.5 97 3.72

ime = 4 h, reaction temperature = 98 ◦C, catalyst amount = 0.025 g, acetic
cid:n-butanol = 1:16.

roceeds according to a rate equation, which is first order with
espect to acetic acids and zero order with respect to n-butanol
12,13].

Electrophilic substitution reaction like esterification is cat-
lyzed by strong Brønsted acid sites. It was also reported that
urface hydroxyl groups are responsible for acidic nature of the
atalyst [14]. Thus, the surface oxygen and surface hydroxyl
roup [15] plays a vital role for the catalytic activity of WMNLR.
he reaction following Eley–Rideal mechanism takes place
etween n-butanol and proton chemisorbed on the active sites
Brønsted acid sites) of the catalyst surface, resulting a stable
arbocation. Then, the carbocation attacks the nucleophilic cen-
er of acetic acid to form an unstable intermediate. Removal of a
roton from the intermediate gives the final product, i.e. n-butyl
cetate along with the regeneration of the catalyst. The acid cat-
lyst facilitates the formation of the carbocation, and helps to
emove OH− from the alcohol [16].

The mechanism involved in the reaction is as follows:

The data on the conversion, selectivity and rate constant for
sterification of acetic acid over WMNLR calcined at differ-
nt temperature was given in Table 3. The analysis of reaction
roducts showed that n-butyl acetate was obtained as major
roduct with almost 100% selectivity. The catalytic activity
ncreases with the increase in calcination temperature up to
00 ◦C and thereafter decreases with further rise in calcina-
ion temperature. WMNLR-400 shows highest catalytic activity
ith 76.6% conversion and 100% selectivity towards n-butyl

cetate. The catalytic activity decrease beyond 400 ◦C calcina-
ion of WMNLR may be due to loss of Brønsted acid sites, which
re responsible for esterification reaction.
.2.1. Influence of reaction time
The influence of reaction time on the acetic acid conversion

as given in Fig. 1 using WMNLR-400 as catalyst (0.025 g)

W
e
i
i

Fig. 1.

nder other identical reaction conditions. A gradual rise in the
onversion was seen with increase in duration of the reaction
eriod. As seen from Fig. 1, in 4 h of reaction time, 76.6% of
onversion is obtained, where as at the end of 7 h only 80% of the
eaction is complete. The selectivity towards n-butyl acetate on
he other hand remains same, i.e. 100% at 7 h. This suggests that
h is sufficient to achieve optimum conversion and selectivity.

.2.2. Influence of catalyst amount
The amount of catalyst (WMNLR-400) was varied from 0.01

o 0.03 g while keeping the molar ratio of acid:alcohol at 1:16 and
eaction temperature at 98 ◦C. The reaction was carried out for
h and the products were analyzed. The results are represented

n Fig. 2. With the increase in catalyst amount from 0.01 to
.03 g, the conversion of acetic acid increases from 32.5% to
0.2%. This is due to the availability of large surface area and
cid sites, which favors the dispersion of more active species.
herefore, the accessibility of the large number of molecules of

he reactants to the catalyst surface is favored. The selectivity
owards butyl acetate is nearly 100% in all cases.

.2.3. Influence of reaction temperature
Fig. 3 illustrates the effect of reaction temperature on

he esterification of acetic acid with n-butanol. The reaction
as carried out in the temperature region 80–110 ◦C taking

MNLR-400 as catalyst without altering other reaction param-

ters. The conversion of acetic acid increases (40–81%) with
ncrease in reaction temperature having nearly 100% selectiv-
ty. This suggests that increase in reaction temperature favors the
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Fig. 2.

ormation of carbonium ion form n-butyl alcohol, which reacts
ith acetic acid to produce n-butyl acetate.

.2.4. Influence of molar ratio of reactants
Mole ratios of acetic acid to n-butanol were varied from

:10 to 1:18 and the result is shown in Fig. 4. In all cases, n-
utyl acetate was observed as the main product. The conversion
ncreased from 48.7% to 76.6% with a change in mole ratio of
cetic acid to n-butanol from 1:10 to 1:16. With further increase
n mole ratio of acetic acid to n-butanol, a decrease in conver-
ion was observed. Decrease in conversion in higher molar ratio
f acid to alcohol (1:18) may be due to the saturation of the
atalytic surface with the alcohol or prevention of nucleophilic
ttack by shielding protonated alcohol by its own excess. This
onfirms Eley–Rideal mechanism with chemisorption of alco-
ol on the Brønsted acid sites of the catalyst. This result is very
imilar to Kirumakki et al. [17] who used zeolite as catalyst over
sterification of benzyl alcohol with acetic acid and Jermy and
andurangan, who used Al-MCM-41 catalyst over esterification

f acetic acid with n-butyl alcohol, although in both the cases
he experiments were performed in a lower molar ratio of acid
nd alcohol compared to the present work.

Fig. 3.

a
w
t
t

Fig. 4.

.2.5. Kinetics of esterification of acetic acid with n-butanol
Fig. 5 shows the first order nature of the esterification reac-

ion, which gives a straight-line plot of −ln(1 − conversion)
ersus reaction time for the reactions carried out at 98 ◦C. Sim-
lar type of result was shown by Namba et al. [13] the reaction
etween acetic acid and n-butanol proceeds according to a rate
quation, which is first order with respect to acetic acid and 0th
rder with respect to n-butanol.

Formic acid, proponoic acid and n-butyric acid were sub-
ected to the esterification reaction with n-butanol under
dentical condition using WMNLR-400 as catalyst to test the
enerality of this method and the results are summarized in
able 4. The percentage conversion of acids can be explained
n the basis of the strength and size of the reacting acids.
trength of these aliphatic acids follows the following order:
ormic > acetic > proponoic > n-butyric due to the +I effect of the

lkyl group of the acids. Also the removal of proton decreases
ith increase in length of carbon chain. Hence, conversion of

hese acids follows the same order as that of acid strength of
hese acids.

Fig. 5.
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Table 4
Conversion, selectivity and rate constants for esterification of acids with n-
butanol over WMNLR-400 catalyst

Acids Conversion (%) Selectivity (%) Rate constant (×10−5 s−1)

Formic 81.1 100 11.56
Acetic 76.6 100 10.12
Proponoic 73.0 100 9.1
n-Butyric 68.5 98 8.02

Time = 4 h; reaction temperature = 98 ◦C; catalyst amount = 0.025 g; acid:n-
butanol = 1:16.

Table 5
Conversion of acetic acid with recovered catalyst

Cycle Conversion (%)

1 76.6
2 75.4
3
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[

[
[
[

by Acids and Bases, Elsevier, Amsterdam, 1989.
72.0

ime = 4 h; catalyst = 0.025 g; reaction temperature = 98 ◦C; acetic acid:n-
utanol = 1:16.

As the bulkiness of the acids increases, the steric hindrance
lso increases which results decrease in acid conversion.

.3. Recyclability of the catalyst

The catalyst WMNLR-400 was used for recycling study. In
rder to regenerate the catalyst after 4 h reaction, the catalyst was
eparated by filtration, washed with conductivity water several
imes, dried at 110 ◦C and used in the esterification reaction
ith a fresh reaction mixture. In the regenerated sample after

wo cycles, the yield decreases by 4.6%. The results obtained
re shown in Table 5.

. Conclusions
From the studies on esterification of acetic acid with n-
utanol over WMNLR calcined at various temperatures the
ollowing conclusions were drawn.

[
[
[
[

Catalysis A: Chemical 266 (2007) 88–92

. n-Butyl acetate was obtained as the major product which is
facilitated by Brønsted acid sites.

. Less amount of catalyst (0.025 g) and low reaction period
(4 h) is required for converting a major amount of reactants
to product with high selectivity.

. WMNLR calcined at 400 ◦C showed highest catalytic activity
with 76.6% conversion of acetic acid having 100% selectivity
towards n-butyl acetate.

. The reaction is proposed to occur mainly within the pores of
the catalyst.
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