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Abstract
The possibility of orange pulp utilization for nanoporous carbons production was investigated. Moreover, processing the 
obtained materials as limonene oxidation catalysts was studied as well. Limonene was separated from orange pulp obtained 
from fragmented orange peels—the waste from industrial fruits processing—by means of simple distillation. After the sepa-
ration of limonene from the biomass, the dried orange pulp was converted to three types of nanoporous carbon catalysts: 
without activating agent, with NaOH, and with KOH. The catalysts were characterized by XRD, SEM, EDX, AFM, and 
sorption of N2 methods. The activities of the obtained catalysts were tested in the oxidation of limonene to perillyl alcohol 
(the main product), carveol, carvone, and 1,2-epoxylimonene and its diol. In the oxidation processes, hydrogen peroxide 
was used as the oxidizing agent. This work has shown for the first time that nanoporous carbons obtained from orange pulp 
waste, after separation of limonene, are active catalysts for limonene oxidation to industrially important value-added products.
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1  Introduction

The orange juice industry is a source of 8–20 million tons 
of waste material globally [1]—mainly in the form of frag-
mented orange peels and the membranes from inside the 
fruit. These remains represent an environmental problem due 
to microbial spoilage [2, 3]. However, this biomass can be a 
valuable source of natural limonene, the main component of 

the orange essential oil [4, 5], and it can be separated from 
the pulp by simple distillation. The purity of the obtained 
natural limonene can reach 98%. In this form, it can be used 
as a raw material in organic syntheses, for example, with 
an additional ecologically friendly compound—hydrogen 
peroxide as an oxidant.

Limonene has antibacterial, antifungal, and insecticidal 
activity [6]. Among the derivatives of limonene, especially 
important are its oxygenated derivatives (perillyl alcohol, 
carveol, carvone, 1,2-epoxylimonene, and 1,2-epoxyli-
monene diol), which are far more industrially valuable 
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compounds than limonene itself. Moreover, we can obtain 
such compounds with very high selectivity depending on 
the process conditions and the catalyst that is used. These 
compounds have many applications as components of fra-
grant compositions for perfumery and cosmetics, as food 
additives, and as components of polymers. In medicinal 
applications, perillyl alcohol has been shown to be effica-
cious against the formation and progression of cancers of 
the colon, skin, head, lung, and neck [7, 8]. Carveol, the 
second oxygenated derivative of limonene, is also used as 
an anticancer agent for the therapy of pancreatic and breast 
cancers [9, 10], and also shows anti-yeast and antifungal 
activity.

Commonly, carbonaceous materials are applied in water 
purification [11], gas separation, sensors, sequestration, and 
energy storage [12, 13]. Carbonaceous materials have also 
been described as supports for catalysts. Activated carbon-
supported metal catalysts have been applied in nitric oxide 
reduction [14], gasification of biomass hydrolysates by 
aqueous-phase reforming [15], oxidation of glycerol to lactic 
acid [16], ethanol oxidation [17], and alkene oxidation [18]. 
Carbonaceous materials without any additives were seldom 
described as catalysts. To make them active in biodiesel pro-
duction, carbonaceous materials had to be functionalized by 
sulfuric acid and oleum [19, 20].

Activated carbons as catalysts for limonene oxidation 
were described only by our team [21, 22]. The method 
of nanoporous carbon production from orange pulp after 
limonene extraction was not described up to now, and some 
of the authors of this manuscript are inventors of the Pol-
ish-pending patent [23]. Our work shows the possibility of 
utilizing the orange peels waste from industrial fruits pro-
cessing, both as a source of important oxygenated limonene 
derivatives, and also, after separation of limonene, as a 
source of nanoporous carbon catalysts for the oxidation of 
limonene to these products.

2 � Materials and methods

2.1 � Materials

For the synthesis of the catalysts, tetraethyl orthosilicate 
(TEOS) obtained from Sigma-Aldrich was used. Aque-
ous ammonia solution (25–28 wt %) and ethanol (96% 
purity) were acquired from Chempur, Poland. Analyti-
cal grade NaOH and KOH were supplied from Eurochem 
BGD. Limonene was obtained by distillation from orange 
pulp (98% purity). In the limonene oxidation, the following 
reagents were also used: methanol (analytical grade) and 
60 wt % aqueous solution of hydrogen peroxide (both from 
Chempur).

2.2 � Preparation of catalysts from dried orange pulp 
residue (after limonene distillation)

First, silica nanosphere templates were prepared by suitably 
modifying a previously reported procedure [24, 31], as fol-
lows. Deionized water, NH3(aq), and C2H5OH were suc-
cessively added to TEOS in the volume ratios of 3:1:23:2, 
respectively. The resulting mixture was then stirred for 3 h 
at room temperature. The white colloidal suspension that 
was obtained was centrifuged and washed three times with 
deionized water, followed by an ethanol washing. Subse-
quently, silica nanosphere particles were obtained.

Nanoporous carbon was obtained by mixing dried orange 
pulp (after limonene extraction) with the silica nanospheres 
in the mass ratio of 10:1, respectively. Water was added 
dropwise onto the residue until incipient wetness was 
observed. This method is a well-established technique for 
catalyst production [25], which was described in detail in 
other works [26, 27]. The mixture was dried at a temperature 
of 80 °C during 2 h followed by a temperature of 160 °C for 
16 h. The pyrolysis was performed in a tubular furnace at 
750 °C for 2 h. To remove the silica templates, the product of 
the pyrolysis was stirred in an aqueous HF solution (7 wt %) 
for 24 h, followed by filtration, washing with deionized 
water, and drying at 200 °C for 12 h. Finally, nanoporous 
carbon, denoted as OR, was obtained.

To obtain more porous carbon materials, KOH and NaOH 
were added before carbonization. The mass ratio of dried 
orange pulp, silica nanospheres, and hydroxide was equal 
to 10:1:10, respectively.

2.3 � X‑ray diffraction

The XRD scans were performed on a PANalytical X-ray 
Empyrean diffractometer using Cu Kα radiation. The sam-
ples were prepared by packing finely ground powders into 
holders covered by a glass slide to produce a dense agglom-
erate of powder with a flat surface necessary for XRD stud-
ies. The spectra were analyzed using X’Pert HighStore dif-
fraction software.

2.4 � Nitrogen sorption

Prior to N2 sorption measurements, the samples were 
degassed overnight at 250 °C. The surface area (SBET), total 
pore volume (Vtot), and micropore volume (Vmicro) of the 
samples were determined by nitrogen adsorption at 77 K. 
The measurements were performed via the Surface Area 
& Pore Size Analyzer Quadrasorb evo provided by Quan-
tachrome Instruments. Data were collected from a relative 
pressure (p/p0) range of 0.002–0.99. The specific surface 
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area was calculated using the Brunauer–Emmett–Teller 
(BET) adsorption isotherm model [28] from the slope and 
y-intercept of the linear region of the 1/[W(p0/p − 1)] versus 
p/p0 plot, where W is the weight of gas adsorbed at a rela-
tive pressure, p/p0 [29]. The total pore volume was calcu-
lated according to the Gurvitch method for p/p0 = 0.99 [37]. 
Density functional theory (DFT) model predictions of pore 
size distributions were calculated using the DFT Library 
[30, 31]. The model assumed a mixed slit/cylindrical pore 
geometry. The total pore volume was estimated from N2 
adsorption data as volume of liquid N2 at p/p0 equal to 0.99 
[32]. The micropore volume (Vmic) was estimated by the 
DTF method [15, 33, 34].

2.5 � SEM, EDX, and AFM analyses

Scanning electron microscopy images were obtained using 
ultrahigh-resolution field-emission scanning electron micro-
scope (UHR FE–SEM Hitachi SU8020). Energy-dispersive 
X-rays (EDX) spectra were collected and analyzed on NSS 
3.0 software. Samples for SEM/EDX analysis were attached 
on an aluminum sample holder using a double-stick electri-
cally conductive carbon tape. The surface morphology of 
the samples was also studied by atomic force microscopy 
(AFM) with a Bruker NanoScope V SPM (Scanning Probe 
Microscope) working in MultiMode.

2.6 � Method of limonene oxidation

The epoxidations of limonene were performed for the reac-
tion time of 6 h at the following temperatures (oC): 80, 100, 
120, and 140. The other parameters were as follows: the 
molar ratio of limonene/H2O2 = 1:2, methanol concentration 
70 wt %, and the catalyst content in the reaction mixture 
was 4 wt %. The process was performed in an autoclave 
with the TEFLON insert with a capacity of 100 cm3 and 
equipped with a magnetic stirrer. The raw materials were 
placed into the autoclave in the following order: catalyst, 
limonene, methanol, and 60 wt % aqueous solution of hydro-
gen peroxide.

Samples were analyzed by a GC method on a Focus 
apparatus equipped with a flame-ionization detector and fit-
ted with the Restek Rtx-WAX capillary column filled with 
polyethylene glycol. The parameters of the GC method were 
as follows: helium pressure of 50 kPa, sensitivity of 100, 
temperature of the sample chamber 200 °C, and detector 
temperature of 250 °C. The temperature of the thermostat 
was increased according to the following program: isother-
mally at 60 °C for 2 min, an increase to 240 °C at the rate of 
15 °C/min, isothermally at 240 °C for 4 min, and at the last 
stage, cooling to 60 °C. The products of limonene oxidation 
were also qualitatively identified by the GC–MS method.

3 � Results and discussion

3.1 � Catalyst characterization

Table 1 shows the semiquantitative compositions of the ele-
ments in the produced materials as measured by the EDX 
method. Based on the results, we concluded that the orange 
pulp contains considerable amounts of Ca. The presence of 
fluorine is essentially due to the HF that was used for silica 
removal.

The specific crystalline phases present in the samples 
were indicated by labelling the major peaks in Fig. 1. Results 
of the XRD measurements indicated that fluorine could not 
be completely removed by washing because of the reaction 
with the other elements: Ca, K, and Na. The OR nanoporous 
carbon had significant graphite peaks of (0 0 2) and (1 0 0) at 
about 26o and 45o, but the peaks were very broad because of 
the random turbostratic stacking of layers. Five broad peaks 
at 28, 47, 56, 69, and 76o theta corresponded to (1 1 1), (2 2 
0), (3 1 1), (4 0 0), and (3 3 1) planes, respectively, and can 
be identified as cubic calcium fluoride (JCPDS: 77-2096) or 
cubic silicon (JCPDS: 05-0565). On the basis of the EDX 
measurements, the presence of both can be assumed. These 
peaks still existed in the ORKOH and ORNaOH materials.

The appearance of sharp peaks in the ORNaOH sample 
(Fig. 1b) is attributed to the formation of a hexagonal crys-
talline sodium hexafluorosilicate, Na2SiF6, phase (JCPDS: 
33-1280). The broad graphite peaks can be seen as well.

For the ORKOH-activated carbon (Fig. 1c), the major 
phase that was observed was potassium hexafluorosilicate, 
K2SiF6 (JCPDS: 75-0694). The carbon structures appear 
to be absent, because graphite peaks are not visible in the 
ORKOH spectrum and can also be due to the very intense 
and sharp peaks of the main phase. The EDX results con-
firmed the presence of carbon.

The isotherm (Supplementary Fig. 1) measured for the 
OR catalyst exhibited a sharp increase in the adsorbed 

Table 1   Results of EDX measurements for the nanoporous carbon 
materials

Element OR (wt %) ORNaOH 
(wt %)

ORKOH (wt %)

C 55.8 7.9 32.1
O 5.1 5.3 6.4
F 12.4 57.1 38.0
Na 0.2 17.9 0.1
Mg 0.8 0.3 0.2
Si 1.0 0.9 1.1
K 1.1 1.0 11.0
Ca 23.6 9.6 11.1
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nitrogen volume at very small p/p0 values, which is charac-
teristic of microporous materials. The presence of hysteresis 
in the p/p0 plot suggests that there are mesopores in the OR 
catalyst [35]. The OR had isotherms of type IV with H2 
mixed with H4 hysteresis loops. Such hysteresis, showing a 
delayed desorption, is typical for mesoporous materials with 
constricted pores [36]. The hysteresis loop was not closed, 
which suggested an insufficient connectivity of the pore net-
work that inhibits desorption [37]. The corresponding pore 
size distribution (PSD) confirms the presence of micropores 
and small mesopores up to 10 nm (Supplementary Fig. 2).

The ORNaOH and ORKOH catalysts had isotherms 
(Supplementary Fig. 1) of type V with H3 hysteresis loop, 
which does not exhibit any limiting adsorption at high p/p0. 
The H3 hysteresis loop is observed with aggregates of plate-
like particles giving rise to slit-shaped pores. Micropores 
were absent in ORNaOH and ORKOH, and their mesopore 
volume was considerably lower than in OR. Table  2 
summarizes the textural properties of the samples. The small 
amounts of micropores and mesopores were due to the very 
low presence of nanoporous carbon in the samples.

The SEM and AFM images show the textures of the sam-
ples (Figs. 2, 3, 4). The OR material showed well-structured 
order with a hollow center of a nanoporous carbon material. 
The diameters of the pores were similar to the diameters of 
the silica nanospheres (about 310 nm). This suggests that 
the structure of the template was well replicated. The pores 
were developed during thermal treatment followed by tem-
plate removal. The depth of the cavities was about 150 nm. 
Introduction of NaOH and KOH affected the morphology of 
the carbonaceous catalysts. Upon the incorporation of NaOH 
and KOH into the mixture of orange pulp and silica nano-
spheres, the template was damaged and the morphology of 
ORNaOH and ORKOH was completely different from OR. 

Fig. 1   XRD diffractions of (a) OR, (b) ORNaOH, and (c) ORKOH

Table 2   Textural properties of the samples

Sample SBET (m2/g) Vtot (cm3/g) Vmicro (cm3/g)

OR 422 0.262 0.131
ORKOH 47 0.096 0.007
ORNaOH 32 0.161 0.003
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Fig. 2   Images of OR from SEM 
(a and b) and AFM (c)

Fig. 3   Images of ORKOH from 
SEM (a and b) and AFM (c)
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The results of SEM and AFM measurements were consistent 
and complemented each other.

3.2 � Oxidation of limonene with H2O2

Perillyl alcohol (the main product), carveol, carvone, and 
1,2-epoxylimonene and its diol were obtained during the 
limonene oxidation process (Fig. 5).

The results of the studies on limonene oxidation over 
three catalysts obtained from orange pulp with 60 wt % 
water solution of hydrogen peroxide as the oxidizing agent 
are presented in Fig. 6a–d.

Figure 6a shows that all tested materials (OR, ORNaOH, 
and ORKOH) were active catalysts in the oxidation of 
limonene. Increasing the temperature of the oxidation from 
80 to 140 °C also increases the conversion of limonene 
(excluding the ORNaOH catalyst at 140  °C). The most 
considerable increase was observed for the OR catalyst, 
for which the conversion of limonene increased from 4 
to 42 mol %. For ORNaOH the conversion of limonene 

increased from 11 to 34 mol % and then decreased slightly 
to 29 mol %. For the ORKOH catalyst, the increase in the 
limonene conversion was observed from 10 to 31 mol %.

As shown in our previous work [30–32, 38, 39], the 
following products can be obtained as a result of the 
oxidation of limonene: perillyl alcohol, carveol, carvone, 
1,2-epoxylimonene, and 1,2-epoxylimonene diol. The 
studies presented in this current work show that all these 
products were present in the post-reaction mixtures and the 
main product of limonene oxidation was perillyl alcohol, 
the product of the allylic oxidation at position seven in the 
limonene molecule.

Figure 6b shows that over the catalyst obtained without 
any activating agent (OR), the main direction of oxidation 
was the allylic oxidation at position seven in the limonene 
molecule. The selectivity obtained in this path caused the 
amount of perillyl alcohol to change slightly from 46.5 to 
53.2 mol %. In addition, other directions of limonene oxi-
dation were preferred: epoxidation at the 1,2-position to 
1,2-epoxylimonene and the subsequent hydration of this 

Fig. 4   Images of ORNaOH from SEM (a and b) and AFM (c)
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compound to 1,2-epoxylimonene diol, allylic oxidation 
at position six and formation of carveol, and oxidation 
at position six and formation of carvone. From these last 
three oxidation directions, the preferred route was epoxi-
dation at the 1,2-position and the formation of diol in the 
next step, because the combined selectivities of these two 
compounds was higher than the selectivity of carveol or 
carvone. It is also observed that the selectivity of carveol 
formation decreases from 17.1 to 6.8 mol %, as the tempera-
ture increases from 80 to 140 °C.

Figure 6c presents the changes of the selectivities of the 
products of limonene oxidation over the ORNaOH material. 
The results from Fig. 6c show that the preparation of the 
catalyst with the activator in the form of NaOH did not 
change the main directions of the oxidation of limonene. 
The main product is still perillyl alcohol, and its selectivity 
is comparable to that obtained over the OR catalyst and 
amounted to 44.5–53.6 mol %. On the other hand, there is a 
considerable increase in the epoxidation of the 1,2-position 
in the limonene molecule in comparison with the oxidation 
at position six (carveol and carvone formation). The 
selectivity of 1,2-epoxylimonene increased from 6.4 to 
31.3 and 27.0 mol % and next decreased to 17.4 mol %. 
The selectivity of 1,2-epoxylimonene diol decreased from 

Fig. 5   Scheme of the transformation of limonene into all the products 
observed

Fig. 6   Changes of limonene conversion during oxidation of limonene 
over OR, ORNaOH, and ORKOH catalysts in the presence of 
60 wt % water solution of hydrogen peroxide as the oxidizing agent 

(temperatures 80–140 °C, the molar ratio limonene/hydrogen perox-
ide = 1:2, methanol (solvent) concentration 70 wt %, catalyst content 
4 wt %, and reaction time 6 h)
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23.1 to about 10–14 mol %. The selectivity of carvone was 
practically unchanged and amounted to about 5–8 mol %, 
as was the selectivity of carveol with a slight change from 
about 7–11 mol %.

Figure 6d presents the changes of the selectivities of the 
products of limonene oxidation over the ORKOH catalyst. 
There is an increase of 10% in the selectivity of perillyl alco-
hol in comparison with OR and ORNaOH catalysts. This 
selectivity changes from 51.6 to 60.7 mol %. This increase 
is mainly connected with the decrease of selectivity of 
1,2-epoxylimonene, which changed from 5.4 to 2.7 mol %. 
There is also a noticeable increase in the selectivity of 
1,2-epoxylimonene diol. It shows that 1,2-epoxylimonene 
was not as stable, as it was for the ORNAOH catalyst, where 
its selectivity was high and reached 31.3 mol %. Over the 
ORKOH catalyst, the epoxide compound very easily under-
went hydration to diol. The selectivity of diol changed from 
22.5 to 21.9 mol %. The selectivities of carveol and carvone 
were comparable with the selectivities of these two com-
pounds obtained over the ORNaOH catalyst.

A comparison of the results obtained for OR, ORNaOH, 
and ORKOH catalysts shows certain regularities. The main 

increase of the conversion of limonene was observed for 
the OR catalyst—catalyst obtained without any activating 
agent. Catalysts obtained in the presence of activators were 
slightly less active, because the conversion obtained over 
them was 10% lower than for the OR catalyst. A comparison 
of the selectivities of the products shows that for all studied 
catalysts, the main reaction product was perillyl alcohol 
(allylic oxidation at position seven). The second preferred 
direction of oxidation was epoxidation at the 1,2-position 
and formation of 1,2-epoxylimonene, followed by hydration 
of the epoxide to diol. Moreover, for the ORNaOH catalyst 
obtained with NaOH as the activator, a considerable increase 
was observed in the selectivity of 1,2-epoxylimonene, and 
this epoxide was stable under the reaction conditions and 
did not undergo hydration to diol. For this catalyst, there 
was a decrease in the selectivities of carveol and carvone 
(products of oxidation at position six). For the catalyst 
obtained in the presence of KOH as the activator, there was 
an increase of 10% in the selectivity of perillyl alcohol, and a 
decrease in the selectivity of 1,2-epoxylimonene. Moreover, 
this epoxide compound was unstable under the reaction 
conditions and was easily transformed to diol, which caused 

Fig. 7   Method of utilization of waste orange pulp as the source of natural limonene and, after its extraction, as catalyst for the oxidation of 
limonene to important oxygenated compounds
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the increase in the selectivity of 1,2-epoxylimonene diol. 
The selectivities of carveol and carvone were comparable 
with the selectivities of these compounds over the ORNaOH 
catalyst. This change in selectivity can be explained in terms 
of basic sites of the carbonaceous materials treated with 
NaOH and KOH.

The results show that it is possible to use waste orange 
pulp as both the source of limonene and, after separation 
of this compound and carbonization, as catalysts for the 
oxidation of limonene to valuable oxygenated derivatives. 
Analyses of these catalysts showed that the activity and the 
selectivity of a catalyst depend on the method of prepara-
tion. By changing the method of preparation, it is possible 
to obtain a catalyst that is more selective in the direction of 
perillyl alcohol. For the production of 1,2-epoxylimonene, 
the catalyst that was modified with NaOH should be used. 
Figure 7 presents the workflow scheme that was presented 
in this work.

4 � Conclusions

The research presented an ecological processing method that 
utilizes orange pulp prepared from waste orange peels, a 
renewable resource obtained from the orange juice indus-
try. This pulp is not only the source of natural limonene, 
but also the source of active carbonaceous catalysts for the 
oxidation of limonene to perillyl alcohol (main product), 
1,2-epoxylimonene and its diol, and, in lesser amounts, to 
carveol and carvone. The use of KOH as an activating agent 
led to an increase in the selectivities of perillyl alcohol and 
1,2-epoxylimonene diol at all the temperatures that were 
studied, whereas the use of NaOH increased the selectivities 
of these two products at 80 °C and 140 °C. The oxidation is 
performed at very mild conditions by the use of an environ-
mentally friendly oxidant—hydrogen peroxide.
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