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8  Abstract

9  Oxidation of n-pentane with molecular oxygen to sec-pentanols was performed in the presence
10  of afree radical initiator (di-tert-butyl peroxide) and a boron compound (sec-butyl metaborate),
11 with in situ adsorption of water on molecular sieve 3A. Kinetics of the reaction was studied in
12 alaboratory-scale batch reactor over a broad range of conditions (130—150°C, 20-30 bar, 5-10
13 vol% O,) in order to establish the optimum parameters for maximising the selectivity and yield
14  of sec-pentanols. Results show that the initiator markedly improves the rate of oxidation, and
15  hence yield, compared to thermal oxidation without an initiator, while the boron species
16  enhances the selectivity to sec-pentanols. Under the conditions investigated, maximum sec-
17  pentanol selectivity is 56% with an alcohol-to-ketone ratio of 3.6:1 for the borate-assisted
18  oxidation compared to 33% and 1.1:1, respectively, for the oxidation without borate. This work
19  demonstrates the feasibility of oxyfunctionalization of n-pentane with industrially relevant
20  selectivity and yield.
21 Keywords: Selective oxidation; n-pentane; borate ester; initiator; selectivity
22
23 1. Introduction
24 Light paraffins, such as C, and Cs alkanes, are abundant hydrocarbon resources that are key
25  components of liquefied petroleum gas (LPG) and naphtha. In recent times, stricter government
26 regulations have been introduced to minimise the evaporative emission of volatile organic
27  compounds from motor vehicles as well as upstream and mid-stream gasoline vapour emissions
28  from distribution and storage systems, which cause air pollution problems, including high
29  ground-level ozone or smog. One approach that has been adopted is the control of Reid Vapour
30 Pressure (RVP), which is a measure of gasoline volatility. New environmental regulations
31 impose strict specifications on refiners for the level of light hydrocarbons which can be present
32 ingasoline blends to meet emission targets. The drive towards low-RVP and high-octane fuels
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has increased the availability of C, and C; alkanes, consequently, there is considerable interest
from the petrochemical industry in novel processes for the upgrading and conversion of these

low-cost hydrocarbon feedstocks into chemicals of higher commercial value.

Developments in catalysis and process design has led to industrial-scale exploitation of n-
butane for the production of maleic anhydride and acetic acid through catalytic gas-phase and
liquid-phase selective oxidations, respectively [1,2]. n-Pentane, on the other hand, has so far
not witnessed the same level of large-scale oxyfunctionalization application. Currently, n-
pentane is mostly processed by steam cracking at high temperatures to make olefins by
dehydrogenation [3]. A significant disadvantage of this process is that it is highly endothermic,
requiring temperatures in the range of 500-800°C to drive the reactions towards olefins, and is
therefore very energy intensive. There are a few reported routes for the transformation of n-
pentane via oxidation, as shown in Scheme 1. These include oxidative dehydrogenation to 1-
and 2-pentenes [4], and selective oxidation to a mixture of phthalic and maleic anhydrides [5,6].
These two processes are gas-phase heterogeneous catalytic oxidation reactions, which take
place at 350-500°C. A third option is the direct oxidation of n-pentane in the liquid phase with
molecular oxygen at temperatures in the range of 100-150°C, with or without a catalyst, into
oxygenated products, such as alcohols and ketones. Despite the potential economic value of
these approaches, there are currently no practical industrial applications of any of these routes

for the conversion of n-pentane.
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Scheme 1. Potential routes for the conversion of n-pentane to petrochemicals.
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The liquid-phase oxidation of n-pentane to alcohols and ketones is a significant challenge. One
of the main issues with the activation of n-pentane, like other light alkanes, is its low reactivity
[7]. Small chain alkanes are considerably more difficult to oxidise than longer-chain alkanes as
shown by the rate of oxygen uptake in Table 1. Reactivity increases with decreasing C—H bond
strength as chain length increases [1,8]. As a result of its relatively low reactivity compared to
higher alkanes, the oxidation of n-pentane under typical conditions of liquid-phase reactions

gives conversion that is too low for commercial exploitation.

A second issue is that the process is typically limited by poor selectivity to alcohols. Selectivity
is challenging for two reasons. Liquid-phase oxidations are free radical reactions, which are
indiscriminate, with oxidative attack on all reactive C—H groups in the alkane molecule.
Consequently, for alkanes with more than four carbon atoms such as n-pentane, a complex
mixture of oxygenated products is formed, including hydroperoxides, alcohols, ketones,
carboxylic acids, and esters with all possible isomers. Furthermore, the desired alcohols are
more reactive than the starting alkane, and are thus more readily over-oxidised into ketones and

acids. Hence, the oxidation process offers little control over alcohol selectivity [9,10].

Table 1. Relative oxidation rates of different linear alkanes [1,11].

Relative oxidation rate

n-Alkane o mol O,
(ox1dat10n rate = (mol alkane) X time)
Ethane 0.001
Propane 0.1
Butane 0.5
Pentane 1.0
Hexane 7.5
Octane 200
Decane 1380

A number of studies have been published in the literature on the liquid-phase oxidation of n-
pentane, largely involving the application of transition metal-based homogeneous and
heterogeneous catalysts [12—-15]. Despite these attempts, however, none of the reported studies

has attained pentane conversion and selectivity to alcohols that are high enough for industrial
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exploitation. It is evident, therefore, that the direct oxidation of n-pentane to alcohols with high

selectivity and yield continues to be a challenge.

There are a number of strategies for enhancing the selectivity of partial oxidation reactions [16].
One concept that has been reported for improving alcohol selectivity in alkane oxidations is the
Bashkirov process, which involves the use of boron compounds such as boric acid, boric oxide
and borate esters [17-19]. These boron species function as Lewis acids which direct the
oxidation towards the formation of alcohols, and subsequently trap the alcohols in the form of
borate esters to protect them from over-oxidation [20—24]. This idea formed the basis of several
industrial-scale processes for the oxidation of cyclohexane to cyclohexanol/cyclohexanone,
used as intermediate for the production of nylon-6, oxidation of cyclododecane to
cyclododecanol/cyclododecanone used as intermediates for nylon-12, as well as the oxidation
of C,,—C,, alkanes for the synthesis of higher aliphatic alcohols used in the manufacture of
detergents and surfactants [20,25,26]. The borate-assisted oxidation process allows higher
selectivity to be achieved at relatively high feed conversions compared to typical autoxidations,
which are normally carried out at low conversions in order to keep selectivity at an acceptable
level. For example, during cyclohexane oxidation in the presence of boric acid, conversion of
10-15% can be achieved with a combined alcohol and ketone selectivity of 90% and alcohol to
ketone ratio of up to 10:1. In the absence of boric acid, the combined selectivity to cyclohexanol
and cyclohexanone is 60-70% with alcohol-to-ketone ratio of 1:1 and 4-5% conversion

[17,21].

Although borate-assisted alkane oxidation was performed commercially for high boiling
alkanes, this concept has so far not been successfully applied to light alkanes such as n-pentane.
One of the main constraints is removal of the water formed under reaction conditions, given the
high susceptibility of borate esters to hydrolysis in the presence of moisture. Thus, to achieve
high selectivity there is a need for effective removal of water from the reaction zone under
elevated pressure [27-29]. A second issue is the fact that the low reactivity of light alkanes
coupled with the inhibiting action of boron on the oxidation through a reduction in the

concentration of free radicals, may result in a substantially lower yield of products.

In this study, we addressed the issue of low reactivity of alkanes and removal of water in the

successful attempt to develop a process for selective oxidation of n-pentane.



111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

139
140
141
142
143
144

2. Mechanism of liquid-phase oxidation of n-pentane

The liquid-phase oxidation of hydrocarbons is a free radical reaction which has been
extensively studied and reviewed [1,26,30]. Mechanistically, the reaction involves chain
initiation, propagation and termination [31-34]. The complex reaction pathway for the
oxidation of n-pentane can be summarised by the scheme in Scheme 2. In the thermally initiated
reaction, formation of radical by hydrogen atom abstraction from pentane is the slow step and
the reaction kinetics exhibits typical sigmoidal behaviour of an autocatalytic process. In this
work the addition of a radical initiator DTBP increases the rate of the initial radical formation.
Thus, initiation of the oxidation occurs by thermal homolytic decomposition of DTBP through
cleavage of the O—O bond to give tert-butoxy radicals, which abstract hydrogen atom from
secondary C—H groups in n-pentane leading to formation of sec-pentyl radicals and tert-butyl
alcohol. Rapid reaction of the sec-pentyl radicals with molecular oxygen occurs to give sec-
pentylperoxy radicals, which subsequently abstract hydrogen from n-pentane to form sec-pentyl
hydroperoxide and sec-pentyl radicals. Rupture of the O—O bond in the resulting sec-pentyl
hydroperoxides takes place, either by unimolecular or bimolecular reactions, to give sec-
pentoxy and hydroxy radicals, followed by fast abstraction of hydrogen atoms from n-pentane
to give sec-pentanols and water, respectively, as well as radicals, which further propagate the
chain process. The sec-pentylperoxy radicals may also interact to form sec-pentoxy radicals
and oxygen [31,35] or undergo bimolecular termination reactions to yield sec-pentanols,

pentanones and oxygen.

Besides the main reactions, a number of secondary reactions also take place. sec-Pentoxy
radicals formed by decomposition of sec-pentyl hydroperoxides can undergo f-scission or C—
C cleavage reactions to give aldehydes, mainly acetaldehyde and propionaldehyde. The
aldehydes formed are subsequently oxidised to carboxylic acids, mainly acetic and propionic
acids. The free radicals generated carry on the chain by reacting with oxygen to form peroxy
radicals or they can abstract hydrogen atom to form smaller chain hydrocarbons such as

CH,4, C,H, and CsHg. Furthermore, sec-pentanols can be consecutively oxidised to

.
pentanones, the ketones themselves being further oxidised to carboxylic acids [1,36].

According to several investigators [22,37-40], it has been suggested that during the borate-
assisted oxidation of alkanes, a coordinatively bonded complex is formed between the boron
atom and unpaired electrons on the oxygen atom of the intermediate alkyl hydroperoxide, as

illustrated in Scheme 3. The unstable complex may subsequently decompose homolytically into
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free radicals such as R;O" and HO®, which further propagate the oxidation, or it can undergo
heterolytic decomposition resulting in the formation of molecular products, mainly alcohols.
Itskovich et al. [22] estimated that only 10-15% of the overall decomposition of a
hydroperoxide goes into the formation of free radicals. The main direction of hydroperoxide
decomposition in the presence of boron compounds is through a non-radical path which
substantially favours alcohol formation, and the lower level of free radicals explains the
observed inhibition of the oxidation [41-43]. Furthermore, in the presence of borate, the
hydrocarbon solvent is directly hydroxylated to the corresponding alcohol, presumably by the

free active oxygen or by electrophilic substitution reaction [23,40,44].
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Scheme 2. Reaction scheme for the liquid-phase oxidation of n-pentane.
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Scheme 3. Mechanism of action of boron on hydroperoxide decomposition during alkane
oxidation. R;OOH: hydroperoxide, R,H: solvent, (ROBO),: alkyl metaborate.

3. Experimental

The kinetic investigation of the liquid-phase oxidation of n-pentane with molecular oxygen in
the presence of a free radical initiator and boron compounds was carried out in a batch reactor
with continuous flow of the gas phase, details of materials and method of which are described

below.

3.1. Materials

Anhydrous n-pentane (99.9%), di-tert-butyl peroxide (DTBP; Luperox® 98%), 1,4-
difluorobenzene (>99%), ethyl acetate (99.8%), boric oxide (99.98% trace metal basis),
molecular sieve 3A (4-8 mesh beads; Honeywell UOP), silica gel (60 A pore size, 35-60 mesh
particle size) and activated basic alumina (58 A pore size, 150 mesh particle size) were sourced
from Sigma-Aldrich. Triisopropyl borate (TiPrB; AcroSeal™, >98%) and molecular sieve 3A
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(4-8 mesh beads) were purchased from ACROS Organics (Fisher Scientific, UK). sec-Butyl
metaborate (s-BuMB; >98%) was custom-synthesised and supplied by Tyger Scientific, NJ,
USA. The oxidising gas consists of a mixture of oxygen and nitrogen with 5-10 vol% oxygen

(BOC Gases, UK).

Prior to oxidation, the anhydrous n-pentane was further purified to remove trace impurities such
as aromatic compounds, olefins, water and oxygen-containing compounds which may interfere
with the reaction and subsequent analyses. The received n-pentane was treated by percolating
it through a packed column containing ~100 g of silica gel and ~100 g of activated basic alumina
in a specially built glass apparatus under argon. Both silica gel and alumina were previously

heated to 300°C in an oven for 12 hours, thereafter cooled to room temperature in a desiccator.

3.2. Description of the oxidation reactor

The reactor was batch with respect to liquid and continuous with respect to the gas; it is shown
schematically in Figure 1. The reactor set-up consists of a glass-lined 150 mL stainless steel
autoclave (HEL Ltd, UK) rated to 100 bar and 250°C. Heating was provided by placing the
autoclave on a hot plate with aluminium reactor jacket to support the vessel and improve heat
transfer. The reactor was also equipped with a pressure gauge, an IKA ETS-D5 temperature
probe (IKA-Werke GmbH, Germany) with an accuracy of +0.5°C, a magnetic stirrer and liquid
sampling tube for taking samples periodically from the reactor without perturbing the pressure

in the system.

The outlet of the autoclave was connected to a 70 cm long stainless steel condenser, with 1,3-
propanediol/water mixture as coolant maintained at —20°C by a Thermo Haake DC30/K20
cooling bath. Exiting gas from the condenser flowed through a back pressure regulator (BPR),
which maintained a stable back pressure inside the reactor. The BPR is an RHPS series dome-
loaded pressure regulator (Proportion-Air Inc, USA), with a 0—90 barg calibrated range. The
desired downstream pressure setpoint was achieved by supplying nitrogen at 7 bar to the BPR
dome and adjusting the voltage command signal on a 0-10 VDC analogue potentiometer. The
exit gas from the BPR goes through a three-way valve, which led to the vent or the gas
chromatograph (GC) for analysis. The line was heated to prevent condensation of vapours. Gas
feed to the reactor was controlled by a calibrated Sierra SmartTrak 100 mass flow controller
(MFEC; Sierra Instruments, USA) with an accuracy of £1%. The experimental rig was placed

inside a safety cabinet constructed with aluminium frames and 6 mm thick polycarbonate sheets

9
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and fitted with a fume extractor. To prevent the risk of explosive mixture forming in the reactor
set-up, the oxygen content in the feed gas oxygen was kept below the limiting oxygen
concentration (LOC), i.e. 10.2 vol% at 150°C and 30 bar [45,46].

3.3. Experimental procedure

Three different types of experiments were performed: thermal oxidation of n-pentane, initiated
oxidation of n-pentane with DTBP, and oxidation of n-pentane with DTBP initiator and boron
compounds. A description of the procedure for oxidation in the presence of s-BuMB is given

below; the steps are similar for other experiments with only minor modifications.

In a typical run, freshly activated molecular sieve, which had been heated in an oven at 260°C
overnight and thereafter cooled to room temperature, was weighed into the reactor. The
autoclave was connected to the condenser and air excluded from the apparatus with a flow of
nitrogen. 1,4-difluorobenzene internal standard, DTBP radical initiator, purified n-pentane and
s-BuMB were charged into the reactor using Hamilton gas-tight syringes with an accuracy of
+1%. 70 mL of n-pentane was used in all experiments, and the concentration of internal
standard was kept the same as 13.947 pL per mL of liquid charged. The amount of s-BuMB

used was varied between 1.5 and 6.8 mol% relative to n-pentane. Density of s-BuMB was taken

as 0.985 g mL ™! at 20°C [47].

The desired back pressure was set by applying the appropriate voltage on the potentiometer
(e.g. 3.33 V for 30 bar). The vent gas valve was shut and the reactor was pressurized with
nitrogen using the maximum flow rate on the MFC, and the flow of was directed to the top of

the reactor to minimise splashing of the liquid.

10
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Figure 1. Schematic of the semi-batch reactor for oxidation of n-pentane.

MFC: Mass flow controller; NRV: non-return valve; BPR: back pressure regulator; SOV: shutoff valve; LSV: liquid sampling valve.
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Heating was turned on, and when the reactor reached the desired temperature, flow of the

oxidising was started and directed through the gas sparger. Flow rate of the oxidising gas was

maintained at 50 mL min~" and the content of the reactor was stirred at 500 rpm to ensure good
mixing of gas and liquid phases. Duration of each experiment was 8 hours. Liquid samples
were withdrawn periodically, first by purging the liquid sampling tube thereafter taking ~500
pL of liquid for analysis. Simultaneously the exiting gas phase from the reactor was sent to the

GC for analysis of gaseous products.

To recover alcohols from the liquid samples taking during oxidation with boron species,
samples were treated with 1 mL deionised water at 50°C to hydrolyse borate esters. The
mixture was shaken and left to stand for 20 minutes to ensure complete hydrolysis, followed
by analyses of aliquots of the resulting aqueous and organic layers. The procedure described
above was followed for the oxidation of n-pentane in the presence of TiPrB and boric oxide.
During thermal and DTBP-initiated oxidations, boron compound was not used, and thus the

liquid samples were analysed directly without hydrolysis.

3.4. Analytical method and quantification of products

Identification and quantitative analyses of oxidation products were undertaken on an Agilent
7890B GC integrated with a 5977B MSD and fitted with a CTC PAL autosampler, customised
and supplied by JSB UK and Ireland Ltd. Gas phase was analysed on the GC, which was
equipped with two thermal conductivity detectors (TCDs). Identities of the gas products were
confirmed by injecting a standard gas mixture (Agilent RGA checkout sample P/N 5190-0519)

containing C,—C¢ hydrocarbons, hydrogen, CO, CO, and nitrogen. Helium was used as the

carrier gas with a flow rate of 3 mL min~'. The GCMS side was equipped with a DB-WAX
column (30 m long, 250 um diameter and 0.25 pm film thickness) suitable for separating polar
compounds. The identity of each liquid phase species was established using NIST MS library
and subsequently confirmed by injecting authenticated analytical standards. Calibration and
quantification of the main products were performed on an Agilent MassHunter™ quantitative
analysis software based on the response factor of each analyte relative to the internal standard

using specific mass ions for both species.

For the gas analysis, the inlet temperature and pressure were set to 250°C and 82.3 psi,

respectively, while the detectors were maintained at 250°C. Oven temperature was held at 35°C

12
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for 3 min then ramped at 10°C min~"' to 90°C and held for 1.5 min, and finally increased to

190°C at a rate of 10°C min™". Analysis time was 20 minutes with a further three minutes for
post-run at 230°C. Liquid products were analysed on the MS by taking 100 pL aliquots and
diluting to 1 mL in ethyl acetate. Inlet temperature was 300°C while the oven was programmed

at 80°C for 1 minute, then ramped at 20°C min~" to 140°C and subsequently to 200°C at 50°C

min~" and held for 1 min. Split ratio was 100:1 and total analysis time was 6.2 minutes.

For experimental runs with boron compounds, both aqueous and organic phases were analysed
using the same amount of internal standard, so that the total concentration of oxidation products
is given by the sum of the amounts of the product in both phases, as written in Eq. (1). MS
chromatogram of the aqueous phase showed no presence of 1,4-difluorobenzene, hence an
amount of internal standard equivalent to that in the organic phase was added into each aqueous
phase sample vials prior to analysis on the MS.

C = Ci,aq + Ci,org 1)
Due to high volatility of n-pentane, accurate determination of the conversion of the
hydrocarbon was significantly challenging. Thus, analysis of the reactor performance was
based on product selectivity and yield, defined in Egs. (2) and (3), respectively.

s _ mol of sec-pentanol < 100% 5
sPeOH S ol of products ° )

y, - mol of product i < 100% 3)

initial mol of n-pentane

4. Results and discussion

4.1. Product distribution

The main liquid products of pentane oxidation identified by MS are alcohols (2- and 3-
pentanols), ketones (2- and 3-pentanones), carboxylic acids (mainly C, and C;, with some C,
and Cs) and esters (2-pentyl acetate and 2-pentyl propanoate). An example chromatogram is
shown in Figure S1 (Supporting Information). 2- and 3-pentanones overlapped each other at
the same retention time, hence they could not be determined separately. Negligible amount of
formic acid was formed while 1-pentanol was not detected at all, the latter confirming that n-
pentane is predominantly oxidised at the methylene groups in the alkane chain.
Chromatographic analysis of the gas evolved indicates that CO,, resulting from total oxidation

of n-pentane, is the main gaseous product while CO and lower molecular weight hydrocarbons

13
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(C; to C, alkanes) were also produced, although in much smaller concentrations.
Acetaldehyde, a low boiling aldehyde, was also detected in the gas phase. Overall, the yield of

gaseous products was negligible.

The formation of carboxylic acids as well as small-chain alkanes provide an indication of
significant C—C cleavage reactions, which involves f-scission of sec-pentoxy radicals mainly
into acetaldehyde, propionaldehyde and free radicals. The aldehydes readily oxidise to acids
while the free radicals abstract hydrogen from n-pentane to give the lower alkanes observed in

the reaction mixture [48-50].

4.2. Thermal and peroxide-initiated oxidation

The variation of product yield and sec-pentanol selectivity with time during the thermal
uninitiated oxidation of n-pentane at 150°C with 10 vol% oxygen in the feed gas and 30 bar
total pressure are shown in Figure 2(a). In the early stages of oxidation, the yield of alcohols,
ketones and acids are similar: 0.19%, 0.23% and 0.26%, respectively, after 1 hour. However,
as the reaction progresses the formation of pentanones and acids rapidly increased compared
to sec-pentanols. After 8 hours of reaction, sec-pentanol yield is 0.56% while the yields of
pentanones and acids are 10.5% and 13.9%, respectively. Selectivity to sec-pentanols reached
a maximum of 27.6% after 1 hour, after which it declines progressively to 2.2% after 8 hours
of reaction. This observation is due to the intermediate nature of the alcohols during the
oxidation of alkanes, hence their subsequent non-selective oxidation to by-products such as
ketones and acids. Furthermore, the ratio of 2-pentanol to 3-pentanol formed is roughly 2:1,
consistent with the number of secondary C-H bonds at the 2- and 3-position as well as the
preferential oxidative attack on the methylene groups near the ends of an alkane chain [50,51].
The yield of pentanones also appear to decreases after about 6 hours of reaction, which may be

due to their consecutive oxidation to acids.
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Figure 2. Thermal and DTBP-initiated oxidations of n-pentane. (a) Thermal oxidation (b)
Initiated oxidation with 1 vol% DTBP. T: 130°C, P: 30 bar, Yon.in' 0.1.

The influence of radical initiator on the oxidation was investigated with 1 vol% DTBP under
the same conditions as the thermal oxidation. Figure 2(b) shows that the yield and selectivity
profiles are similar to those in Figure 2(a). The yield of sec-pentanols increased at first reaching
1.27% after four hours and declines thereafter, pentanone formation appeared to slow down
while yield of acids continue to increase over the course of the reaction. After one hour, the
yield of alcohols, ketones and acids are 0.71%, 1.42% and 1.18%, respectively, which
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increased to 0.78%, 13% and 19.93% after 8 hours. In terms of selectivity, Figure 2(b) shows
that the optimum sec-pentanol formation occurred after one hour, as indicated by the selectivity
of 21.4%, which reduces to 2.3% after 8 hours.

Figure 3 compares the cumulative yield of the products for thermal and DTBP-initiated
oxidations of n-pentane over the course of four hours. The presence of DTBP significantly
increased the initial rate of the oxidation of n-pentane, and hence yield, whereas thermal
oxidation without an initiator was quite slow in the early stages. The action of DTBP on the
oxidation process is connected with a sharp reduction of the induction period due to an increase
in the rate of hydrogen abstraction from n-pentane and subsequent oxygen uptake. These results
confirm the fact that oxidation of n-pentane in the presence of an initiator can result in higher

yield of products, with only a slightly lower sec-pentanol selectivity.
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Figure 3. Effect of initiator on n-pentane oxidation. T: 150°C, P: 30 bar, Yo,in' 0.1.

Furthermore, oxidation of n-pentane at 130°C initiated with different initial concentrations of
DTBP was undertaken, the results of which are shown in Figure 4. First, for the same DTBP
concentration of 1 vol%, lowering the reaction temperature to 130°C led to a considerable
reduction in ketone and acid formation compared to the oxidation at 150°C shown in Figure
2(b). For oxidation with 1 vol% DTBP at 130°C, the respective yield of sec-pentanols,
pentanones and acids are 0.12%, 0.09% and 0.42% after one hour, which increased to 0.59%,

1.87% and 1.61%, respectively, after 8 hours.
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Figure 4. DTBP-initiated oxidation of n-pentane at 130°C, P: 25 bar, Youin' 0.1.

It can also be seen from Figure 4 that the maximum sec-pentanol selectivity of 20% is achieved
after two hours, which declines to 14.5% over the duration of the oxidation. Thus, for the same
level of the initiator concentration, a reduction in temperature favours higher selectivity to
alcohols, especially at longer reaction times. It is evident that further increase in the
concentration of DTBP improves the rate of oxidation, hence yield. However, between 1 and
2 vol% DTBP, there is only a marginal change in selectivity to sec-pentanol. When the amount
of DTBP used for the oxidation is raised to 8 vol%, the yield markedly increases, as does the
selectivity to alcohol in the early stages. However, the decrease in the alcohol selectivity is
more pronounced than for 1 and 2 vol% DTBP, which may be due to increase in the rates of
secondary reactions. These observations indicate that higher levels of initiator increases the
concentration of chain-initiating radicals, giving higher conversion of n-pentane, and thus yield

of oxygenated products.

4.3. Effect of boron concentration on the oxidation
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The influence of boron on the oxidation process was investigated over a range of operating
conditions. First, DTBP-initiated oxidation runs at 150°C in Figure 2(b) and 130°C in Figure
4, both with 10 vol% oxygen in the feed gas, were repeated with different concentrations of

sec-butyl metaborate. Figure 5 shows the selectivity and yield profiles.

It can be seen from Figure 5(a) that in the early stages of the reaction, up to one hour, the
initiated oxidations of n-pentane in the presence of the metaborate ester proceeds almost as
efficiently as with DTBP only. This indicates that the reaction mechanism remains unchanged
from the free-radical mechanism as with the initiator alone [17,52]. Beyond the initial period,
however, the oxidation with the boron species progressively gives lower overall yield of the
products, with 18.9% after 8 hours for the run with 1.5 mol% s-BuMB initiated by DTBP
compared to 33.2% for the oxidation with DTBP only. Doubling the concentration of s-BuMB
further reduces the total yield to 16.5% after 8 hours. Furthermore, it can be seen that the
presence of boron significantly improves sec-pentanol selectivity, the optimum values of which
are attained after two hours. With 1.5 mol% s-BuMB, maximum selectivity is 37.9% at 3.24%
yield compared to 21.4% at 3.31% vyield for oxidation with DTBP only. Doubling the
concentration of boron to 3 mol% further improves sec-pentanol selectivity, giving a maximum
of 43.5% at 3.16% vyield after two hours.

Figure 5(b) shows the results of oxidation runs at 130°C with 3 mol% s-BuMB. The run with
8 vol% DTBP and no boron was presented earlier in Figure 2, where the optimum sec-pentanol
selectivity was found to be 22.6% after two hours with a corresponding total yield of 3.46%.
In comparison, when this experiment was repeated with 3 mol% s-BuMB in the reaction
medium, Figure 5(b) shows that the rate of oxidation was inhibited, leading to lower yield
compared to the run without boron. However, selectivity to sec-pentanols is significantly
improved due to the presence of the alkyl metaborate. When the concentration of DTBP was
increased to 10 vol% while maintaining the concentration of the metaborate ester at 3 mol%, it
can be seen that the rate of oxidation of n-pentane increased to give product yields similar to
that achieved during oxidation without the boron compound. sec-Pentanol selectivity is also
still better than with DTBP only, however, the values are lower compared to the run with 8
vol% DTBP and 3 mol% s-BuMB.

18



40 50

-@-No s-BuMB

- A-1.5 mol% s-BuMB

I ‘ﬂ\\’—> 40

-3 mol% s-BuMB

o
(=}

W
(=}

s-PeOH Selectivity (mol%)

Total Yield of Products (mol%)
= [
o (=)

30 50
(b) -@-8 vol% DTBP

A-8 vol% DTBP & 3 mol% s-BuMB

Il
'S
o

s-PeOH Selectivity (mol%)

10 vol% DTBP & 3 mol% s-BuMB

Do
o
&

\

\
o

[]

|

]

1

]

]

]

]

II

1
o>
1
>
3

Total Yield of Products (mol%)

Time (h)

Figure 5. Effect of sec-butyl metaborate on the oxidation of n-pentane. (a) T: 150°C, P: 30
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385
386  These results show the feasibility of achieving an improved alcohol selectivity in the presence
387  of boron under conditions that give similar conversion as the oxidation without boron. In other
388  words, it is possible to achieve improved selectivity without significant trade-off in conversion,
389  thus maximising the yield.

390
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Furthermore, the effect of varying boron concentrations on the oxidation was investigated with
5 vol% oxygen in the feed gas. Table 2 summarises the optimum selectivity, the corresponding
product yield and ROH/R'O ratio after two hours of reaction. The results again clearly confirm
that while the rate of oxidation is fairly similar in the early stages with and without boron, the
presence of the metaborate ester alters the product distribution, directing the oxidation towards

increased alcohol production.

Table 2. Experimental results at 2 h for oxidation with varying s-BuMB concentration.
T:150°C, P: 30 bar, Yo,.in' 0.05, Cprpp: 10 vol%, 15 g UOP sieve.

Oxidation with DTBP and s-BuMB

DTBP
only 3.7 mol% 5.4 mol% 6.8 mol%
s-BuMB s-BuMB s-BuMB
s-PeOH selectivity (%) 335 46.4 49.4 54.7
Overall product yield (%) 5.45 4.65 4.59 4.48
s-PeOH:PeO ratio 1.06 1.93 2.17 2.56

4.4. Influence of feed gas composition and total pressure

The dependence of reactor performance on varying oxygen concentration was investigated with
oxidising gas mixtures containing between 5 and 10 vol% oxygen. It is evident from Figure 6
that with increasing oxygen content in the feed gas, the rate of reaction, hence product yield,
increases with reaction time. However, higher oxygen concentration in the feed gas has a
detrimental effect on the formation of sec-pentanols, leading to lower selectivity. In addition,
as the oxygen content increases, the optimum reaction time at which the maximum selectivity
is attained shifts slightly to the left. Thus, for 5 and 10 vol% oxygen in nitrogen, maximum

selectivity of 49.1 and 43.8% are attained at around two and one hours, respectively.
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Figure 6. Effect of oxygen concentration on selectivity and yield. T: 150°C, P: 30 bar,
Cs.gumi: 3.7 mol%, Cprpp: 10 vol%, 15 g UOP sieve.

The effect of oxygen content on reaction selectivity and yield was further investigated by
varying the total reactor pressure with 5 vol% oxygen in the feed gas. The results obtained are
shown in Figure 7. Over the range investigated, the reaction profiles show that the effect of
total pressure on both the cumulative yield of oxidation products as well as sec-pentanol
selectivity is small but not negligible. There is a slight increase in conversion, and consequently
yield, with a marginal decrease in alcohol selectivity as the total pressure increased. For reactor
pressure of 20 bar after two hours of oxidation, the overall yield of the oxygenated products
was 4.18% while the corresponding sec-pentanol selectivity was 51.4%, compared to 4.62%

yield and selectivity of 49.1% in the case of 30 bar reactor pressure after the same duration of

reaction.

From Figures 6 and 7 it can be reasoned that as the partial pressure of oxygen in the gas phase
increases, the interfacial concentration of oxygen increases leading to higher availability of
dissolved oxygen in the liquid phase. This consequently increases the rate of oxidation of n-
pentane and the product yield. On the other hand, higher dissolved oxygen concentration
increases the rate of consecutive oxidation of sec-pentanols into pentanones and acids as well

as total combustion side products such as CO,, thus lowering selectivity. In addition, the higher

rate of oxidation due to increased oxygen concentration presumably increases the water
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formed, which rapidly saturates the molecular sieve adsorbent. The free moisture can cause
premature hydrolysis of the protected sec-pentanols, thereby exposing them to further oxidative

attack, and thus lower selectivity.
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Figure 7. Influence of total pressure on reactor performance. T: 150°C, Yoo.in' 0.05, C,_guB"

5.4 mol%, Cpygp: 10 vol%, 15 g UOP sieve.

4.5. Effect of reaction temperature

Over the range of 130 to 150°C, the influence of temperature on the on the rate of oxidation
and product distribution was studied in the presence of boron. The selectivity and yield profiles
are shown in Figure 8. The results show that the rate of n-pentane oxidation increases with
temperature as indicated by the higher yield of products. As temperature increases, the rate of
thermal homolysis of the radical initiator also increases, leading to higher conversion of the
hydrocarbon. Selectivity to sec-pentanols also improves significantly with the reaction
temperature, which may be attributed to two effects. First, higher temperature may be
responsible for increasing the rate of heterolytic decomposition of the boron-hydroperoxide
intermediate complex to favour sec-pentanol formation. Furthermore, the trans-esterification
of sec-pentanols with sec-butyl metaborate is a slightly endothermic reaction (AH; =
+5.43 kJ mol "), hence as temperature increases the equilibrium shifts towards the right to give
higher yield of sec-pentyl borate esters, thus sec-pentanols upon hydrolysis. Other published
literatures on the oxidation of hydrocarbons in the presence boron compounds have also

reported increased alcohol selectivity with an increase in the reaction temperature [17].
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Figure 8. Dependence of yield and selectivity on reaction temperature. P: 30 bar, Yonin' 0.05,
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4.6. Influence of boron species on the oxidation
It is known that different types of boron compounds exert varying levels of influence on the
process in terms of alcohol selectivity and inhibition of the oxidation. For example, boric oxide,

B,03, has been found to be more reactive than orthoboric acid, B(OH),, and trialkyl
orthoborates, B(OR),, for the decomposition of hydroperoxides. This structure-reactivity effect

is due to differences in the Lewis acidity, and hence the ability of different boron to coordinate

with unpaired electrons on the oxygen atom of hydroperoxides [53-55].

The oxidation of n-pentane was investigated with three different boron compounds of varying
Lewis acidity and physical forms: sec-butyl metaborate (s-BuMB), triisopropyl borate (TiPrB)
and boric oxide. The experimental results obtained when the oxidation was carried with similar
molar concentration of the boron reagents are presented in Figure 9. These are compared with

oxidation without the boron compounds.
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Figure 9. Effect of boron species on product selectivity and yield. T: 150°C, P: 30 bar,

Yoyin' 0.05, Cprgp: 10 vol%, 15 g UOP sieve.

From Figures 9(a) and (b), it can be seen that the selectivity and yield profiles for both TiPrB
and boric oxide are similar to that of s-BuMB, and all three boron compounds improve alcohol
selectivity compared to the oxidation with DTBP only. However, s-BuMB gives higher product
yield as well as selectivity to sec-pentanols than TiPrB as shown in Figure 9(a). The

orthoborate appears to inhibit the oxidation far more than the metaborate ester, especially at

later stages of the reaction. Furthermore, from Figure 9(b), the yield of oxidation products are
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similar for both boron compounds, however, sec-pentanol selectivity is significantly higher for
s-BuMB compared to boric oxide. Based on these findings, it may be suggested that an alkyl
metaborate is far more effective for directing the oxidation of n-pentane towards the formation
sec-pentanols compared to an orthoborate and boric oxide. These observations agree with the
findings of Itskovich et al. [22], McMahon and Chafetz [56] and Illingworth [57], who
investigated the oxidation of alkanes and cycloalkanes with various types of boron compounds,
and reported that alkyl metaborates give better selectivity and less inhibition of the oxidation
than trialkyl orthoborates and boric acid. The fact that s-BuMB gives better selectivity than
the same concentrations of TiPrB and boric oxide can be explained by the higher Lewis acidity

of alkyl metaborates compared to alkyl orthoborates and boric oxide [52,58,59].

4.7. Dependence of alcohol-to-ketone ratio on reaction conditions

Alcohol-to-ketone ratio is an important parameter that defines the effectiveness of a boron
compound for directing the oxidation towards the formation of alcohols. For the oxidation of
n-pentane at 150°C with 5 vol% oxygen in the feed gas and three different concentrations of
sec-butyl metaborate as well as without the boron species, the results are presented in Figure
10. It can be seen that, in general, the trends follow closely that of sec-pentanol selectivity:
maximum alcohol-to-ketone ratio is achieved in the first hour of the reaction, regardless of the
presence of boron, which thereafter decreases progressively with time. This observation is due
to over-oxidation of the alcohols to pentanones with increasing conversion. Furthermore,
oxidation with sec-butyl metaborate clearly gave higher yields of sec-pentanols relative to
pentanones compared to oxidation carried out without added boron, and the value increases
with increasing boron concentration. For the oxidation of n-pentane with 3.7 mol% s-BuMB,
the optimum alcohol-to-ketone ratio is 2.14 compared to 1.41 achieved for the oxidation in the
absence of boron. The yields of sec-pentanols relative to pentanones increased further to 2.37
and 2.88 for 5.4 mol% and 6.8 mol% sec-butyl metaborate, respectively. The increase in
alcohol production with an increase in boron concentration is due to an increase in the rate of
heterolytic decomposition of sec-pentyl hydroperoxide to form sec-pentanols, as well as the

increase in the rate of protective transesterification of the alcohols formed.
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The dependence of the alcohol-to-ketone ratio on the operating temperature is presented in
Figure 11. Similar to the trends discussed above, Figure 11 shows that the yield of sec-
pentanols relative to pentanones reached a maximum in one hour and subsequently decreased
with reaction time. For oxidation of n-pentane in the absence of boron, increasing reaction
temperature from 130 to 150°C resulted in a decrease in in the alcohol-to-ketone ratio (see
Figures 2(b) and 5), whereas in the presence of boron, the ratio increased with temperature as
shown in Figure 11. The increase in pentanol-to-pentanone ratio with temperature in the
presence of boron may be due to an increase in the rate of heterolytic decomposition of sec-

pentyl hydroperoxides into alcohols at the expense of ketones.
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4.8. Influence of the source of molecular sieve on reactor performance

The performance of two commercially available synthetic 3A molecular sieves were compared
under identical experimental conditions: type 3A sieve sourced from Honeywell UOP (Sigma-
Aldrich) and ACROS Organics (Fisher Scientific). Figure 12 shows the results obtained during
the oxidation of n-pentane at 150°C with 3.7 and 5.4 mol% sec-butyl metaborate and 15 g of
ACROS Organics molecular sieve. These experimental runs were carried out under the same
conditions as the borate-assisted oxidation results presented in Table 2 with the same quantity
of UOP type 3A sieve.

Figure 12(a) shows that the total yield of the oxidation products are lower than for the
equivalent experimental run in Table 2 utilising same amount of UOP sieve. For the experiment
with 3.7 mol% s-BuMB, total yield of products after two hours are 4.14% and 4.65% for the
AO sieve and UOP sieve, respectively. After 8 hours, the corresponding values were 13.82%
and 16.2%. For higher sec-butyl metaborate concentration of 5.4 mol%, the overall yield of
oxidation products were 3.69% and 4.59% after two hours for the AO and UOP sieve,
respectively. These results indicate that the UOP sieve probably exert some catalytic effects on
the oxidation process compared to the AO adsorbent, leading to less inhibition of the oxidation

in the case of the former.
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Figure 12. Effect of boron concentration on the oxidation of n-pentane. T: 150°C, P: 30
bar, Yonin' 0.05, Cptgp: 10 vol%, 15 g AO sieve.

Furthermore, Figure 12(a) shows that selectivity to sec-pentanols is higher for the borate-
assisted oxidations with the ACROS Organics sieve than for oxidation with the UOP sieve
shown in Table 2. For example, with 3.7 and 5.4 mol% s-BuMB and ACROS Organics sieve,
selectivity to sec-pentanols is 47.9 and 55.9% after 2 hours, respectively, compared to 46.4%
and 49.4% for the UOP sieve. After 8 hours, the alcohol selectivities decrease to 27.5 and
36.1% for the ACROS Organics adsorbents, while for the UOP sieve the selectivities were 26.3
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and 31.7%. In addition, the pentanol-to-pentanone ratios in Figure 12(b) for the ACROS
Organics sieve are significantly higher than for the oxidation runs utilising the UOP sieve,
shown in Figure 10. Maximum ROH/R'O ratio with the ACROS Organics sieve were obtained
after two hours, and these correspond to 2.63 and 3.55 for oxidation with 3.7 and 5.4 mol% s-
BuMB, respectively, compared to 2.14 and 2.37% for the same concentrations of boron used

with the UOP adsorbents, as shown in Figure 10.

Overall, the ACROS Organics sieve gives significantly higher alcohol selectivity and alcohol-
to-ketone ratio but slightly lower yield compared to the UOP sieve. A possible explanation for

the observed differences in performance is given below.

Molecular sieves are synthetic zeolites or crystalline aluminosilicates; the type 3A sieve can be
chemically represented by the empirical formula
)CK20 . (1 - X)Nazo . A1203 . 28102 . yH20 (4)

where X is the fraction of potassium ions, typically between 40 and 100%.

The composition (i.e. silica-to-alumina ratio and metal ion content) and structure of molecular
sieves have been shown to strongly influence their adsorptive properties as well as surface
acidity and catalytic activity. Lin et al. [60] showed that the composition of Na* and K* in
type 3A sieve significantly affects the adsorption of water. The authors reported that due to site
preferences for adsorbed water molecules in the zeolite framework, the capacity of 3A sieves
at low water vapour pressures (<0.03 kPa) increases as the ratio of K* to Na* increases,
however, the opposite effect is observed at higher water vapour pressures, i.e. UOP 4A sieve
(100% Na*) outperforms a standard UOP 3A sieve and a K-modified sieve, with 40% and 0%
Na*, respectively. Furthermore, the solid-acid property and catalytic activity of molecular
sieves are widely known [61]. The catalytic property of sieves arise from the surface Brgnsted
and Lewis acid sites inherent in their structures, which are readily regenerated on dehydration
and neutralized on rehydration. The activity of sieves has been exploited to effect a wide range
of acid-catalyzed hydrocarbon transformation reactions such as alcohol dehydration,
isomerisation of alkanes, and polymerisation of olefins. According to Norton [62], the solid-
acidity, and hence catalytic activity, of type A molecular sieves for olefin polymerisation

follows the order 3A < 4A < 5A, which reflects the increasing acidity of the metal ions present

in the sieves, viz. Kt < Nat < Ca**.
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In general, metal ions can act as Lewis acids by coordinating to water or Lewis bases through
the acceptance of a lone pair of electrons to form a hydrated metal ion or complex. The Lewis
acid strength of a metal ion is dependent on its ability to attract electrons, which in turn is
influenced by the size and charge of the ion [63]. Thus, the smaller the ionic radius of a cation,
the stronger its Lewis acidity, making Na™ a stronger Lewis acid than K*. Furthermore, the
higher the positive charge on a metal ion, the more acidic it is due to stronger attraction on the

13+

electron density, hence AI’* is a stronger Lewis acid than Ca**, which in turn is more acidic

than Nat and K™.

From the foregoing discussions, the observed differences in performance of the 3A molecular
sieves used in the present study may be connected with variations in the composition of the
adsorbents. Indeed, based on the information provided in the product data sheet by the
suppliers, the UOP type 3A sieve has 60% potassium ion content (K*/Na* = 1.5) while the
ACROS Organics 3A sieve contains 45% potassium ions (K*/Na™ = 0.82). The silica-to-
alumina (Si/Al) ratio for both materials is 1. As a result of its higher Na* content, the ACROS
Organic sieve probably has stronger surface Lewis acidity, and provides better in situ
adsorption of the water formed, and thus better hydrolytic protection for sec-pentyl borates.
This may in turn be attributed to the much improved sec-pentanol selectivity observed during

oxidation with the ACROS Organics sieve compared to the UOP sieve.

5. Conclusions

The selective oxidation of n-pentane in the liquid phase assisted with a peroxide initiator and
boron Lewis acid in the presence of a moisture adsorbent has been successfully demonstrated.
This concept gives a significantly improved performance compared to the oxidation without
the additives. The radical initiator increased the initial rate of oxidation thereby facilitating high
product yield, the boron compounds promoted the formation of alcohols and subsequently
minimised their over-oxidation by trapping them in the form of sec-pentyl borates, which are
more stable to oxidation, while the molecular sieve 3A trapped the inhibiting water formed by

adsorption, thus ensuring high selectivity to sec-pentanols.

Process parameters, including temperature, oxygen content in the feed gas, and initiator and
boron concentrations, have a considerable effect on the rate of oxidation and product

distribution. Thus, a complex interrelationship exists between the different parameters
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investigated in this work and their effect on the reactor performance. Overall, an optimum sec-
pentanol selectivity of 56% with an alcohol-to-ketone ratio of 3.6:1 and a total yield of 3.69%
was obtained for pentane oxidation at 150°C, 30 bar total pressure using a feed gas containing
5 vol% oxygen, with 10 vol% DTBP initiator, 5.4 mol% s-BuMB and 15 g ACROS Organics

3A molecular sieve.

From a practical viewpoint, the concept demonstrated in this work can, in principle, be applied
to other light alkanes in the C,—Cq range. This has the potential to enable the large-scale
utilisation of cheaper feedstock for commaodity chemical production. The alcohols formed in
the process can be recovered as final products and utilised directly or they could be converted
to other products such as olefins via dehydration, esters by reacting with an acid, ethers by
partial dehydration, or heavier products by condensation over basic catalysts. Another
possibility is direct processing of the borate esters from the reactor by thermal decomposition
at around 300°C into olefins without first recovering the alcohols by hydrolysis. Overall, this
process may have some commercial utility, hence further improvements in alcohol selectivity

will make the process concept even more attractive.

Finally, the work presented in this paper has been filed as a patent application [64].
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Nomenclature

C Concentration (mol%, vol%, mol L)
DTBP Di-tert-butyl peroxide

AH, Standard enthalpy of reaction (kJ mol ™)
LOC Limiting oxygen concentration (vol%)

P Total pressure (bar)

PeO Pentanones

RH Alkane

ROOH Alkyl hydroperoxide
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S Selectivity (%)

s-BuMB sec-Butyl metaborate

s-PeOH sec-Pentanol

T Temperature (°C)

TiPrB Triisopropyl borate

Y Yield (%)
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Figure S1. An MS chromatogram of liquid products of n-pentane oxidation after 8 hours of

reaction.

1: n-pentane, 2: acetone, 3: ethyl acetate (solvent), 4: 2- and 3-pentanones, 5: 1,4-
difluorobenzene (internal standard), 6: 2-pentyl acetate, 7: 3-pentanol, 8: 2-pentanol, 9: 2-
pentyl propanoate, 10: acetic acid, 11: formic acid, 12: propanoic acid, 13: butanoic acid, 14:
pentanoic acid. 7% 150 °C, P: 30 bar, Yonin' 0.1, 1 vol% DTBP.
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