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Abstract

Adipic acid production through catalytic conversafrcyclohexanol-cyclohexanone using polyoxomegalgfa-BW 50,
and H[a-SiW,0,4q as catalysts was carried out systematically. ®alynetalates Ha-BW,0,4q and Hja-SiW;,0,]
were synthesized using an inorganic synthesis rdethd were characterized using Fourier transfofraried spectroscopy
(FTIR). Adipic acid was formed from conversion gtlohexanol-cyclohexanone and was characterizegstng melting
point measurement, identification of functional wsaising FTIR spectrophotometer, analysis of gasncatography-mass
spectrometry (GC-MS), arfti and**C NMR (nuclear magnetic resonance) spectrophotometir.r@earch investigated
the influence of reaction time and temperatureanversion. The results showed that adipic acidfaased successfully
with a yield of 68% by using a-BW;,0, as catalyst at the melting point of 150-1%2 after optimization. In contrast,
using Ha-SiW,0,q as catalyst, formation of adipic acid was onlf?8. Investigation of time and temperature showhd 9
as the optimum reaction time and @ as the optimum temperature for conversion obufBs adipic acid. Identification
using FTIR,'H, and®*C NMR showed that the adipic acid from conversidncyclohexanol-cyclohexanone was in
agreement with the standard adipic acid data initbeatures. GC-MS analysis indicated that sevbyaproducts were
formed in conversion of cyclohexanol-cyclohexanosiag H[o-BW1,0,q and Hja-SiW,5,0,q as catalysts.

Abstrak

Produksi Asam Adipat dari Campuran Sikloheksanol-Sikloheksanon menggunakan K atalis Senyawa Polioksometalat.
Produksi asam adipat melalui reaksi konversi kikalikloheksanol-sikloheksanon menggunakan senyaliaksometalat
Hs[a-BW1,0,4 dan H[a-SiW;,0,4 sebagai katalis telah dilakukan secara sistematioksometalat Hlo-BW1,0,q]

dan H[a-SiW; 0, disintesis menggunakan metoda sintesis anorgdanik dikarakterisasi menggunakan spektroskopi
FTIR. Asam adipat yang terbentuk dari hasil konvsildoheksanol-sikloheksanon dikarakterisasi mglakenentuan
titik leleh, analisis gugus fungsional menggunakpaktrofotometer FTIR, analisis GC-MS dan analisenggunakan
spektrometetH dan™C NMR. Pengaruh waktu reaksi dan temperatur remida proses konversi dipelajari pada penelitian
ini. Hasil penelitian menunjukkan bahwa asam adigahasil terbentuk dengan rendemen sebesar 68%jguneakan
Hs[a-BW1,0,q sebagai katalis dengan titik leleh sebesar 15D°C5hasil optimasi. Pada sisi lain, pembentukan asam
adipat hanya menghasilkan rendemen 3,7% menggurketatis H[a-SiW,,0,. Pengamatan lebih lanjut melalui
optimasi terhadap proses konversi sikloheksantitsiiksanon menjadi asam adipat menghasilkan wadtinoem reaksi

9 jam dan temperatur reaksi 90 menghasilkan asam adipat dengan rendemen sé&8saildentifikasi menggunakan
FTIR, *H dan®*C NMR menunjukkan bahwa asam adipat hasil konemsisikloheksanol-sikloheksanon sesuai dengan
asam adipat standar dari kepustakaan. Analisis gueragkan GC-MS mengindikasikan pembentukan bebeyaqzhuk
samping hasil konversi sikloheksanol-sikloheksamemggunakan katalissftt-BW 1,040 dan Ha-SiW;,04q).

Keywords: adipic acid, cyclohexanol-cyclohexanone, polyoxometal ate

| ntroduction nylon 6,6 and polyurethane plastic synthesis. Tlagnm
method of synthesizing adipic acid through catalyti
Green synthesis of adipic acid is extremely urdgent methods using nitric acid releases toxic nitrous®into

environmental reasons. Adipic acid is a precursor f  the environment [1]. Thus, a catalytic conversibatt
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forms adipic acid using an eco-friendly catalystegded.
An approach to synthesizing adipic acid by oxidatid
cyclohexanone, cyclohexanol, cyclohexane, or megur
of these has been developed, usingDHas a green
oxidant and appropriate catalyst, as shown in Eiqur

Various catalysts have been tested for adipic acid
synthesis, including ionic liquid by two catalytic
functions [2], hybrid porous tin (IV) phosphonat®],[
manganese catalyst [4], and tungstate-based dafa)ys
Recently, development of tungstate-based catalyst f
adipic acid synthesis has been explored deeplygusin
H,WO, [6], silica functionalized ammonium tungstate
[7], sodium tungstate with stearyl dimethyl benzyl
ammonium  chloride as surfactant [8], and
polyoxometalate compounds. Polyoxometalates are
oxygen-metal clusters with various structures and
oxidation states and can be used as potentialysatal
due to very high acidity and non-toxic solid maatsi
Polyoxometalates are used intensively as catalyst f
adipic acid synthesis. Keggin-type polyoxometalate
H3:PMO0p2,VOy40 (x=1 and 2) has catalyzed conversion
of cyclohexanone to adipic acid [9]. Effect of adda
and heteroatoms in polyoxometalate has been stigied
Zhu et al. using peroxotungstate and peroxomolobdates
as catalyst [10]. Common Keggin-typeRW;,04 and
HsPMo,049 with different addenda atoms have been
converted into glycine phosphotungstate, and gicin
phosphomolybdate acted as catalyst for conversfon o
cyclohexanone to adipic acid with high yield and
selectivity [11]. In addition, structure effect hasen
investigated in the polyoxometalate, which was
Anderson type [(&H37).N(CHjz)2]sM0,0,4, as catalyst
for the conversion of cyclohexane to adipic acig]{1

Herein, we demonstrate the basic structure with
different heteroatoms of polyoxometalate 5[d4
BW1,04] and H[a-SiW;,04] and with  similar

addenda atoms (tungsten) but different heteroatoms

(boron and silica) used as catalyst for converting;1
mixture of cyclohexanol-cyclohexanone to adipicdaci
Based on our knowledge, this is the first report to
investigate these polyoxometalate catalysts in
conversion of cyclohexanol-cyclohexanone. In additi
several factors affecting formation of adipic acdch

as time and temperature reactions, were investigate
cyclohexanol-cyclohexanone conversion.

Cat
+ o, — W
O
Figure 1. Synthesis of Adipic Acid Via Oxidation of
Cyclohexanone
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Materials and M ethods

Materials and insrumentation. Chemicals were
supplied from Merck and Sigma Aldrich, including
sodium tungstate (Merck), potassium hydrogen catgon
(Merck), potassium carbonate (Merck), sodium meta
silicate (Aldrich), ammonium chloride (Merck), pssium
chloride (Merck), and disodium hydrogen phosphate
dihydrate (Merck). Cyclohexanol and cylohexanoneewe
obtained from Sigma-Aldrich and used without furthe
purification. FTIR spectrum was recorded using the
Shimadzu FTIR 8201PC. Gas Chromatography-Mass
Spectrometer Shimadzu 2010QP was used to identify
product.*H and **C NMR were performed by Jeol 500
MHz and 125 MHz using DMSO and acetone as solvents,
respectively.

Synthesis of polyoxometalate Hg[a-BW,04] and
Ha-SW1,04]. Synthesis of polyoxometalate sfid-
BW1,0, and Ha-SiW;,0,40 was adopted from Lesbani
[13] and was characterized wusing an FTIR
spectrophotometer using a KBr disk at room tempezat
at the range of 400-4000 ©m Synthesis of Ha-
BW1,0,q was as follows: boric acid (150 g) and sodium
tungsten (100 g) were dissolved in 450 mL warm wate
and the solution was stirred for 3 h. The solutiees
cooled and filtered. Boric acid (70 g) was addedhi®
solution with slow stirring for 1 h. The solutiorawadded
to 10 mL of hydrochloric acid and stirred for 30nmihe
solution was extracted with diethyl ether-hydrocisio
acid and the etherate layer was collected and dyed
rotary evaporator to form a white solid off b-BW;,0,].
Synthesis of B a-SiW;,0,49 was as follows: Ina 1 L
Beaker glass equipped with magnetic stirring, 1bfg
sodium metasilicate was dissolved in 100 mL of wate
(A). Then, 182 g of sodium tungsten was dissolve800
mL of hot water (B). Solution B was added to 165 ahéd

M hydrochloric acid with vigorous stirring, followleby
addition of solution A. The pH of the solution was
adjusted to 56, and the solution was stirréar 1 h at 100
°C. The solution was cooled at room temperature,5@nd
g of potassium chloride was added to obtain solid
material. The solid material was dissolved in wased
100 mL of diethyl ether and 10 mL of hydrochloricida
were added. The solution was extracted, and therbot
layer was collected to obtain a white solid offdd
SiW,;,0, after vacuum process using a rotary evaporator.

Catalytic conversion of cyclohexanol-cyclohenanone to
adipic acid. Conversion of the mixture of cyclohexanol-
cyclohexanone was performed in a 100 mL flask
according to the procedure of Zhaagal., with slight
modifications, as follows: 10 mL of the cyclohexino
cyclohexanone mixture (1:1) and 0.1 g of catalystew
added to a flask equipped with a magnetic bar. The
mixture was stirred for 15 min, followed by additiof 44

ml of 30% HO, with stirring for 10 min. Reaction
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mixtures were refluxed for 8 h at 9C. After completed
reaction, the mixture was cooled in a refrigerédorl2 h

at 5°C. White crystals of adipic acid were formed in the
solution, and then the crystal was filtered, wasthetth
cool water, and dried at room temperature [14].pfdi
acid was characterized using an FTIR spectrophd&me
and*H and™C NMR analysis.

Results and Discussion

Polyoxometalates 4a-BW1,0,q and Ha-SiW;,0,q]
with different heteroatoms were characterized uBintR
spectroscopy, as shown in Figure 2.

Polyoxometalates 4fa-BW,0,q and Ha-SiW;,0,q]
are Keggin-type with MXO," where M is the
heteroatom and X is the addenda atom. In this relselsl

is B and Si, and X is tungsten. Table 1 shows fipeci
vibrations of these polyoxometalates.

The vibrations in Table 1 are specific tg[&ttBW1,0,q
and Ha-SiW50,. Vibrations of W-Oc-W and W-Oe-W
are similar in wavenumber, from 7&BO cn,
depending on their heteroatom. Vibrations of B-© 34
cm® and those of Si-O are 1020 ¢nindicating that the
heteroatom oxygen stretches the vibrations. Acogrtt
these data, polyoxometalateg[¢tBW1,0,49 and Hja-
SiW1,0,q were synthesized successfully, and their FTIR
spectra are in agreement with those in the litezqfib].

Polyoxometalates 4{a-BW1,0,q and Ha-SiW;,0,q]
were used as catalyst for converting the cyclohaixan
cyclohexanol mixture to adipic acid using@® as an
oxidant. Catalysts #la-BW1,049 and Ha-SiW;,0,q]
activated the KD, to be an active oxidant in this reaction.
The first trial of conversion using sf-BW;,0,q and
H[0-SiW;,04 as catalysts yielded isolated adipic acid,
as shown in Table 2.

The data in Table 2 show that[BHl-BW1,0,q is more
effective for conversion thanf1-SiW,;,0,q]. Probably,

a Keggin-type heteroatom is key to conversion of
cyclohexanol-cyclohexanone into adipic acid. Bor®n
more acidic than silicon, according to the Lewisdac
concept; therefore, activation of®, needs a more acidic
heteroatom [16]. Adipic acid was isolated and cbara
terized using FTIR spectroscomnd then compared
with the adipic acid standard, as shown in Figure 3

Table 1. Vibration of H5[a-BW1,0,0] and H,[a-SiW 150 4]

Vibration H5[G-BW12040] H4[G-SiW12040]
B-O 914 cmt -
W-Oc-W 810 cm* 786 cmt
W-Oe-W 902 cm* 925 cmt
W=0 960 cm* 979 cm'
Si-0 - 1020 cnt
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Figure 3 shows that isolated adipic acid (B) isikinto
standard adipic acid (A). Vibrations of isolatedpéd
acid appear at wave number of 2954’dior O-H, 2877
cm® for aliphatic methylenéCH,), 1697 crit for C =

0, 1280 crit for C-O, and 1195 crhfor aliphatic C-C.

All these vibrations are in agreement with those of
standard adipic acid reported in the literature].[17
Characterization of isolated white crystals of adgrcid
was conducted using'H, *C NMR, and mass
spectroscopy. Figure 4 shows fheNMR spectrum.

Table2. The Yield of Adipic Acid from Conversion of
Cyclohexanol-cyclohexanone

AdlplC acid Hs[G-BW12040] H4[C('SiW12040]

Yield (Isolated) 60.7% <10%

Condition: 0.1 g catalyst, 44 mL,8, 30%, 10 mL cyclohexanol-
cyclohexanone (1:1), 8 h reaction time, tempera20rC.

(A)

Intensity

(B)
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Figure2. FTIR Spectrum of Hs[a-BW1,0,4] (A) and H [a-
SiW1,04] (B)
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Figure3. FTIR Spectra of (A) Sandard Adipic Acid and
(B) Isolated Adipic Acid

June 2015 | Vol. 19 | No. 2



88 Leshani, et al.

The structure of adipic acid having a symmetricaoole

can be identified usingH NMR and various deuterated
solvents. A peak of DMSO-D6 used as solvent appaars
2.50 ppm. Other peaks related to adipic acid appear
1.49 ppm (CH), & 2.20 ppm (CH), andd 12.02 ppm
(COOH). The isolated adipic acid from this resedrab
high purity compound indicated by no other peaksdas
deuterated DMSO and adipic acid peaks were observed
The'H NMR result is supported by tH&C NMR result,

as shown in Figure 5.

Similar to the'H NMR spectrum, thé’C NMR spectrum

for adipic acid detects only three peaks. Acetofenwas
used to measur€C NMR of isolated adipic acid. As
mentioned earlier, adipic acid can be measuredgusin
various solvents, and acetone appeared at 206.4 ppm
Peaks of adipic acid can be observed at 25.2 pfr, 3
ppm, and 17 4.7 ppm. Further characterization was
conducted using a mass spectrometer (Figure 6).

Adipic acid has a molecular weight of 146 g/mol and
molecular peak afi'z 146. The molecular peakmatz 146
is cannot be observed clearly in Figure 6. Howevtrer

-]

peaks related to molecular fragmentsn&t 128, 112, and
100 are obvious, with the highest intensity appegnst
m/z 100 (100%) [18]. Figure 7 shows the fragmentation
pattern of adipic acid.

Although all characterizations of isolated adipi@ashow
high purity of the compound, moderately isolateipiad
acid obtained from cyclohexanol-cyclohexanone using
Hs[o-BW1,0,4 indicated formation of several by-
products and remaining cyclohexanol-cyclohexanone.
Figure 8 shows three by-products identified usig;@S.

On the basis of these results and from comparisibrtie
literature [3,19-20], we propose a plausible meigmarior
converting cyclohexanol-cyclohexanone into adipidda
as shown in Figure 9. Oxygen from peroxide was
activated with boric tungsten from polyoxometalate
attack cyclo species from cyclohexanol-cyclohexanon
Intermediate derivative lactone was formed, folldwzy
re-arrangement of lactone to adipic acid and oxyaea
green by-product. This study also investigated ti@ac
time and temperature of conversion. Data are ptegém
Figures 10 and 11.
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Figure4. 'H NMR Spectra of Adipic Acid from Synthesis
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Figure5. 3C NMR Spectrum of Synthesized Adipic Acid
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According to Alcafiiz-Mongeet al., conversion of
cyclohexene to adipic acid was achieved at 3 h. [R1l]
this study, the reaction time needed to convert the
mixture of cyclohexanone-cyclohexanol was 7-10 &. A
shown in Figure 10, at 9 h, up to 61% of cyclohe}an
cyclohexanone can be converted to adipic acid. The
yield of adipic acid obtained at 7 h is not sigrafitly
different from that obtained at 8 h, 59.5%. By &®sing

10 30 50

70 9% 110 130 150 170 19

miz

Figure 6. M ass Spectrum of Adipic Acid from Synthesis
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Figure 7. Fragmentation of Adipic Acid
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Figure 8. By-Products of Synthesis of Adipic Acid from
Mixture of Cyclohexanol-cyclohexanone

oH 0 5 o“Bh" 0 BTS
Sl Fe Ty
— e, E= —|
H,0

BW ¢ H0 —— EW(OH),

0P H;0 0 B OH _OL OH
(_‘)" - o Y oacw
0 0
0,

HO,C
2 \/\/\coz}[
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Figure 10. Effect of Reaction Time on Conversion of
Cyclohexanol-cyclohexanoneto Adipic Acid
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Figure11. Effect of Temperature on the Conversion of
Cyclohexanol-cyclohexanoneto Adipic Acid

reaction time into 10 h, the vyield of adipic acid
decreases to 46%. Therefore, the experiment was
terminated at the reaction time of 10 h.

Temperature is an important factor in the catalytic
conversion of cyclohexanol, cyclohexanone, and
cyclohexanol-cyclohexanone mixtures into adipicdaci
[22]. In this study, temperature was adjusted t6 1D
due to stability of hydrogen peroxide. Figure 1bwh
that a temperature of IC yields isolated adipic acid of
up to 68%. At lower temperatures, adipic acid faiora

is about 50-60%. At 100C, formation of adipic acid
falls to 49%. All results indicated that the 1:1xtre of
cyclohexanol-cyclohexanone could form adipic acid
with moderate isolated yield.

Conclusions

After optimization of the cyclohexanol-cyclohexaron
mixture, adipic acid was synthesized successfultha
yield of 68% at a reaction time of 9 h and a terapge
of 90 °C, using H[a-BW1,0,q as the catalyst and with
the melting point of 150-152C. Characterization using
FTIR spectrophotometettd, and™*C NMR showed that
highly pure white crystalline adipic acid was ohtad
from synthesis.
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