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Degradation of α-terpineol in aqueous solution by UV/
H2O2: kinetics, transformation products and pathways
Jie Yao, Jinglin Guo, Zhaoguang Yang, Haipu Li and Bo Qiu

ABSTRACT
The monoterpene alcohol α-terpineol is extensively used as the foaming agent in mineral processing
and can be released to environment along with the wastewater. This study evaluated the feasibility
of eliminating α-terpineol in water by ultraviolet irradiation (UV) in combination with hydrogen
peroxide (H2O2). Within an H2O2 dose of 10 mg/L and an UV ﬂuence of 64.8 J/cm2, more than 95% of
the α-terpineol can be removed. The reactions ﬁtted well to pseudo-ﬁrst-order kinetics, and the
apparent rate constant was 0.0678 min1. The effects of matrix species including various anions and
humic acid (HA), were evaluated. The degradation rate decreased signiﬁcantly with the addition of
bicarbonate and HA. Further veriﬁcation was carried out with three types of real water samples. In
the ground water and the surface water, the degradation rate decreased likely due to the presence of
natural organic matter. Finally, possible degradation pathways were proposed based on the
identiﬁcation of transformation products, and the occurrence of two main transformation products
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were monitored. This study demonstrated that the UV/H2O2 is an effective technology for the
degradation of α-terpineol in water.
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INTRODUCTION
The monoterpene alcohol α-terpineol (see Figure 1) is
widely used as a foaming agent in mineral processing due
to its high surface activity and bubble size distribution
(Brossard et al. ; Gupta et al. ; Vasseghian et al.
). It is also used as a fragrance in personal care products
(Simonich et al. ). When released into the environment,
it can lower water quality by depressing gas transfer at gasliquid interfaces and increasing the solubility of other contaminants (Rosso et al. ). Moreover, it is considered as a
precursor of disinfection by-products when it is discharged to
drinking water sources. In August 2014, an illegal discharge
of wastewater from the mineral processing plant to a drinking
water source in Wushan, China, threatened the safety of
drinking water for more than 50,000 people. In this accident,
α-terpineol was found to be one of the main pollutants.
Previous research into the decomposition of α-terpineol
has mainly focused on the gas phase or solid-gas interface as
it is considered to be an indoor air pollutant (Wells ;
Ham & Wells ; Shu & Morrison ). However, because
α-terpineol can increase the stability of other pollutants in
water as it is a surfactant, and because it can cause taste
doi: 10.2166/wst.2019.221
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and odor complaints from customers if spilled into the
water supply, studies on its degradation in water are also
important. It is known that α-terpineol is stable in aquatic
environments because of the ring structure and branched
chains (Hou ), but it can be decomposed by soil
bacteria (Tadasa ). Moreover, Hinrichs’ group investigated multiphase ozonolysis of aqueous α-terpineol and
found that the reaction products and kinetics differ from
the gas-phase reaction (Leviss et al. ). In this paper,
another advanced oxidation process (AOP) technique, UV/
H2O2, is introduced for the treatment of α-terpineol in water.
UV/H2O2 is widely used in both wastewater and drinking water treatments due to its high treatment efﬁciency,

Figure 1

|

Molecular structure of α-terpineol.
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non-selectivity of the pollutants and resulting low concentration of disinfection byproducts (Canonica et al. ;
Souissi et al. ; Tan et al. ; Aydin ; Carlson
et al. ; Godayol et al. ). In the photodegradation process, H2O2 absorbs UV light and then generates highly
reactive hydroxyl radicals (•OH), so the aqueous pollutants
are decomposed by both UV direct photolysis and •OHassisted indirect photolysis (Bolton & Cater ; Rosenfeldt
et al. ).
The aims of this study were to investigate the removal
efﬁciency of α-terpineol by UV/H2O2 treatment and to elucidate its transformation during the process. The effects of
H2O2 concentration, pH, and matrix species on the degradation of α-terpineol were evaluated, and this treatment
technology was also further examined and veriﬁed in
different types of real water samples. Subsequently, transformation products in this degradation process were
identiﬁed using gas chromatography-mass spectrometry
(GC-MS), based on which two degradation pathways were
proposed. Moreover, the changing trends of the two main
transformation products were monitored.

MATERIALS AND METHODS
Materials and chemicals
The α-terpineol (90% technical grade) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). H2O2 (30% w/w),
sodium chloride (99.5%), sodium sulfate (99.0%), sodium
nitrate (99.0%), sodium bicarbonate (99.8%) and humic acid
(90%) was purchased from Sinopharm Chemical Reagent
Co., Ltd (Beijing, China). BSTFA (N,O-bis-trimethylsilyltriﬂuoroacetamide) containing 1% TMCS (trimethylchlorosilane) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). PFBHA (O-(2,3,4,5,6-pentaﬂuorobenzyl) hydroxylamine hydrochloride) and 4-acetylbutyric acid were
purchased from TCI (Tokyo, Japan). Ethyl acetate and chloroform were purchased from Sigma-Aldrich (St. Louis, MO,
USA) at GC-MS grade purity. Two standards of the transformation products, p-menthane-1,8-diol and 4-methylcyclohex-3en-1-one were purchased from TCI (Tokyo, Japan) and
Toronto Research Chemicals (Toronto, Canada), separately.
Photochemical reacting apparatus (BL-GHX-V, Shanghai) was used as the UV reactor. Ultrapure (UP) water
(18.2 MΩ· cm, dissolved oxygen concentration (DOC)
<0.1 mg/L) was obtained from a Persee (Beijing) pure
water system. Prior to use, all glassware was cleaned with
a laboratory detergent, rinsed with methanol and UP
water, and baked in mufﬂe furnace at 450  C for 3 hours.
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Photodegradation experiments
Photodegradation was conducted in a cylindrical glass reactor at room temperature. An 8 W low-pressure mercury
lamp (Phillips) with the emission peak at 254 nm was
placed coaxially with the reactor in a quartz sleeve, and
the distance from the lamp to the reactor wall was 7.5 cm.
The light intensity was determined as 18 mW/cm2 at the
lamp sleeve using a radiometer (Lutron YK-35UV). The
molar absorption coefﬁcients of α-terpineol and H2O2 at
254 nm were 43.8 L· mol1· cm1 and 18.2 L· mol1·cm1
respectively, measured by a UV/Vis spectrophotometer
(TU-1901, Persee, China). The reactor was agitated by a
magnetic stirrer operated at 300 rpm. The lamp was turned
on 5 min before the experiment to ensure that the lamp
was stable and had reached the full spectral output.
The initial concentration of α-terpineol was 20 mg/L
and the initial concentrations of H2O2 were set at 5, 10,
and 20 mg/L. Initial solution pH was adjusted with
HCl or NaOH for the range of 2–12. Samples were
withdrawn at preselected intervals, and each 1 mL of
solution was extracted with 0.5 mL ethyl acetate after
sampling. The extraction mixture was vortexed for about
30 seconds to ensure adequate contact between the water
and the organic layer. The ethyl acetate layer was then
analyzed with GC-MS. All experiments were conducted
in triplicate.
Derivatization
Oximation and silylation were applied before GC-MS analysis to identify transformation products generated in the
degradation procedure with carbonyl and hydroxyl/carboxyl groups, respectively. Three modes of derivatization
strategies were used: oximation only, silylation only, and
combined oximation and silylation. For oximation, 100 μL
of PFBHA (0.05 mg/L) was added to the aqueous solution.
Then the vials were left for 60 min to allow for the completion of the reaction. Silylation was performed after
extraction with ethyl acetate. The organic layer was evaporated to dryness under a gentle stream of nitrogen. The
residue was then treated with 100 μL of BSTFA þ 1%
TMCS and allowed to react at 65  C for 90 min.
GC-MS analysis
GC-MS analysis was performed on an Agilent
7890A-5975C GC-MS (USA). A HP-5MS fused-silica capillary column (5% diphenyl/95% dimethyl-polysiloxane,

2197

J. Yao et al.

|

Degradation of α-terpineol in aqueous solution by UV/H2O2

30 m × 0.25 mm × 0.25 μm, Agilent, USA) was used for separation. The GC temperature program was: initial temperature
of 50  C held for 2 min, followed by an increase of 20  C/min
to 105  C, then increased by 5  C/min to 115  C, and ﬁnally
increased by 20  C/min to 240  C and held for 0.5 min. The
carrier gas was helium, with a constant ﬂow of 1.0 mL/min.
Splitless mode was used and 1 μL was injected. Electron
impact with the electron energy of 70 eV was utilized. The
m/z range was 50–500. The ion source temperature of the
mass spectrometer was 230  C. Quadrupole temperature and
transfer line temperature were 150  C and 280  C, respectively.

RESULTS AND DISCUSSION
Effect of H2O2 concentration
Figure 2 shows the removal of α-terpineol versus time in
the different experimental conditions tested. In the dark
and with 10 mg/L of H2O2, no signiﬁcant loss of α-terpineol was observed after 60 min, indicating the stability
and persistence of the surfactant. The removal of the contaminant was signiﬁcantly affected by UV irradiation and
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UV/H2O2. When irradiated with UV only, the percentage
removal was increased (approximately 50% in 60 min),
and further acceleration was achieved by the addition of
H2O2. The degradation of α-terpineol reached 74.2%
within 60 min when 5 mg/L H2O2 was added. As the concentration of H2O2 increased to 10 mg/L and 20 mg/L,
the degradation of α-terpineol reached 95.2% and 98.1%
within 60 min, respectively. The results veriﬁed the importance of H2O2 in UV/H2O2 treatment for the generation
of •OH radicals to enhance the degradation of α-terpineol.
In this system, H2O2 in solution acted as the electron
acceptor, absorbed photons under UV irradiation, and
produced •OH radicals as a result of O-O bond ruptures.
Free •OH radicals could subsequently react with α-terpineol. With the increasing H2O2 concentration, the
amount of •OH radicals increased correspondingly (Keen
et al. ), so the removal efﬁciencies of α-terpineol were
increased.
The degradation reactions ﬁtted well to the pseudoﬁrst-order kinetics (see Table 1 for the coefﬁcient of
determination R2 > 0.99) under UV irradiation without
or with H2O2. The apparent rate constant Kobs increased
from 0.0231 min1 to 0.0678 min1, corresponding to
the increase in H2O2 concentration from 5 mg/L to
20 mg/L. This was in agreement with the removal
efﬁciencies observed. In the following experiments, the
concentration of H2O2 was set to 10 mg/L due to the
satisfactory degradation efﬁciency.

Effect of pH

Figure 2

Removal of α-terpineol in darkness, H2O2 alone, UV irradiation alone and

|

combined UV/ H2O2, respectively (Conditions: [α-terpineol]0 ¼ 20 mg/L, UV
light intensity ¼ 18 mW/cm2, pH ¼ 7).

Table 1

|

In the photodegradation process, pH is a signiﬁcant parameter because it can alter the charge state of the
pollutants and inﬂuence the formation of active hydroxyl
radicals (Chong et al. ; Lin et al. ; Kuo et al.
). In this study, as α-terpineol is a very weak acid
(pKa ¼ 15.09), it could remain in its undissociated form in
the pH range investigated (2, 4, 7, 10, 12). Thus the
change of the reaction rate at different pH values can be
attributed to the generation of hydroxyl radicals. As

Kinetic parameters of degradation of α-terpineol under UV irradiation and UV/H2O2 (Conditions: [α-terpineol]0 ¼ 20 mg/L, UV light intensity ¼ 18 mW/cm2, pH ¼ 7)
1

R2

Condition

Kinetic equation

Reaction rate constant Kobs/(min

UV

ln(C0/C) ¼ 0.012t  0.0458

0.012

0.990

UV þ 5 mg/L H2O2

ln(C0/C) ¼ 0.023t  0.0552

0.023

0.995

UV þ 10 mg/L H2O2

ln(C0/C) ¼ 0.050t  0.0705

0.050

0.997

UV þ 20 mg/L H2O2

ln(C0/C) ¼ 0.068t þ 0.0469

0.068

0.993
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Kinetic parameters of degradation of α-terpineol of different pH under UV/H2O2
(Conditions: [α-terpineol]0 ¼ 20 mg/L, [H2O2] ¼ 10 mg/L, UV light intensity ¼
18 mW/cm2)

Reaction rate
1

R2

pH

Kinetic equation

constant Kobs/(min

2

ln(C0/C) ¼ 0.0579t  0.0683

0.058

0.994

4

ln(C0/C) ¼ 0.0534t  0.0571

0.053

0.992

7

ln(C0/C) ¼ 0.0497t  0.0705

0.050

0.997

10

ln(C0/C) ¼ 0.0458t  0.0172

0.046

0.997

12

ln(C0/C) ¼ 0.0322t  0.0659

0.032

0.995

)

Table 2 shows, the degradation reactions ﬁtted well to
pseudo-ﬁrst-order kinetics under acidic, circumneutral and
alkaline conditions. The degradation rate decreased slowly
when the initial pH increased from 2 to 10, which can be
attributed to a higher redox potential of •OH/H2O in
acidic conditions (Xiao et al. ). Moreover, the degradation rate decreased quite clearly when the pH increased
from 10 to 12, probably due to (1) self-decay of H2O2
being enhanced under high pH conditions; (2) the fraction
of hydroperoxide anion (HO
2 ) becoming dominant with
the increasing pH and acting as a strong •OH scavenger
(Tan et al. ). So if the pH of the wastewater was
higher than 10, acidiﬁcation would be necessary for a satisfactory degradation efﬁciency. However, this condition is
not common.

Effect of matrix species
Further investigation was conducted to evaluate the effects
of matrix species including chloride, nitrate, sulfate, bicarbonate and humic acid (HA) as they are commonly found
in natural water systems as well as wastewater.
As Figure 3 shows, when sulfate or chloride was spiked
into the reaction solution, the degradation kinetics remained
the same as that obtained in the UP water solution. In contrast, the degradation rate decreased with the addition of
100 mg/L NO
3 . It can be rationalized that the UV absorption by nitrate was slightly higher than that of other
anions at 254 nm (Xiao et al. ). Nitrite was also present
in the solution (100 mg/L), and it is a powerful scavenger of
hydroxyl radicals (Ward et al. ; Mack & Bolton ;
Sharpless & Linden ). Although bicarbonate did not
absorb UV light, a signiﬁcant inhibitory effect was observed.
It is known that bicarbonate is a radical scavenger in
the AOP process, and can quench •OH at a rate of
8.6 × 106 M1s1 (Buxton et al. ; Liu et al. ), so
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Effect of matrix species including Cl , NO
3 , SO4 , HCO3 , and HA on the

photodegradation kinetics in UP water (Conditions: [α-terpineol]0 ¼ 20 mg/L,
[H2O2] ¼ 10 mg/L, UV light intensity ¼ 18 mW/cm2, pH ¼ 7).

this result also demonstrated the important role of •OH
in UV/H2O2 treatment degradation of α-terpineol.
HA is often selected as a matrix species to investigate
the effect of natural organic matter (NOM) on the degradation of contaminants in water (Prados-Joya et al. ).
As shown in Figure 3, HA had an obvious negative effect
on the degradation rate of α-terpineol. On the one hand,
HA consists of a great number of aromatic rings and
oxygen related functional groups leading to a competitive
absorbance of photons. On the other hand, HA can act as
a strong scavenger of •OH (Crittenden et al. ). These
two effects resulted in a signiﬁcant inhibition of the degradation of α-terpineol in the presence of HA.
Photodegradation of α-terpineol in different types
of water
To assess the degradation effectiveness of α-terpineol by UV/
H2O2, experiments were carried out in real water samples,
including groundwater (collected from Yuelu Mountain,
Changsha), surface water (collected from Xiangjiang River,
Changsha), and the efﬂuent of a mineral processing plant
(collected from Chenzhou City, Changsha). Here the nitrate
concentration was detected by an ion chromatograph with
electrical conductivity detector, the total alkalinity was analyzed by titration with hydrochloric acid, and the total
organic carbon (TOC) was detected by a TOC analyzer (Shimadzu, TOC-VCSH). It should be noted that the TOC values
of groundwater and surface water were measured before
20 mg/L α-terpineol was spiked, while the concentration of
α-terpineol in the efﬂuent was 23 mg/L, contributing 73%
of the TOC. No more α-terpineol was added to the efﬂuent.
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Effect of different types of water on degradation kinetics of α-terpineol
(Conditions: [H2O2] ¼ 10 mg/L, UV light intensity ¼ 18 mW/cm2, the spiked
concentration of α-terpineol was 20 mg/L except for the efﬂuent)
UP

pH
1

Surface

water

Groundwater

water

Efﬂuent

6.2

7.5

6.6

8.7

Nitrate (mg·L )

<0.05

2.20

3.52

7.41

Total alkalinity
(as CaCO3, mg·L1)

<5

6

9

20

TOC (mg·L1)

0.084

1.87

4.02

24.6

0.050

0.046

0.035

0.036

1

Kobs (min )

As shown in Table 3, the pH values of the four water
samples varied in a small range and the concentrations of

Figure 4
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nitrate and bicarbonate were all less than 20 mg/L, so
according to the preceding discussion, the reduction of
degradation rate in groundwater and surface water was
mainly attributed to the NOM as they had higher TOC
values than that of UP water. Interestingly, the TOC of the
efﬂuent was six times higher than that of the surface
water, but the degradation rates in these two water samples
were quite close. A possible explanation was that the TOC
in the efﬂuent was mainly contributed by the foaming
agent (α-terpineol itself) and collecting agents (used to
change the hydrophobicity of the minerals). In China,
xanthate is the most widely used collecting agent, which
decomposes very quickly under UV irradiation (Fu et al.
), so the high TOC value in the efﬂuent did not mean
high content of NOM.

Proposed degradation pathways of α-terpineol via identiﬁed transformation products with (a) GC-MS directly and (b) GC-MS after derivatization.
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Identiﬁcation of transformation products
In order to elucidate the possible degradation pathways of αterpineol in UV/H2O2 treatment, the transformation products
were identiﬁed by direct GC-MS and GC-MS after derivatization. The mass spectra were checked in the database from
NIST MS Search 2.0 and compared with the GC-MS results
of the degradation products of α-terpineol in the related references (Wells ; Ham & Wells ; Ham & Wells ).
Ten transformation products (marked P1 to P10 in Figure 4
and Table 4) were found after UV/H2O2 degradation, among
which P1 and P2 were much more abundant than the others
identiﬁed. The mass spectra of their corresponding derivatives
are presented in the Supplementary Material (see Figures S1–
S10, available with the online version of this paper). It is
important to note that the hydroxylated product (P1), which
was conﬁrmed by silylation experiments, has never been
reported in the study of the degradation of gaseous α-terpineol
Table 4

|
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(Wells ; Ham & Wells ; Ham & Wells ), indicating an additional step in the degradation pathway of aqueous
α-terpineol with an AOP system.
Proposed photodegradation pathways
Based on these identiﬁed products, two degradation pathways were proposed and illustrated in Figure 4. P1 and P2
were the two representative transformation products of the
two degradation pathways, respectively. P1 suggested that
the absorption of UV by the C-C bond initially led to the generation of the biradical, which rearranged to M1 (see
Figure 4) due to the higher stability of the tertiary radical.
One hydroxyl group was then added to the side chain,
which had a lower steric hindrance, to form P1. P2, which
was also found in the degradation of α-terpineol in the gas
phase and at the gas-solid interface, suggested a different
pathway, which started with the hydroxyl radical attacking

Molecular structure and conﬁrmation methods of α-terpineol photodegradation transformation products

Product name

Molecular structure

Characteristic ions (m/z)

Identiﬁcation method

p-Methane-1,8-diol (P1)

73, 81, 131, 211

Silylation

4-Methyl-3-cyclohexen-1-one (P2)

79, 107, 181, 288, 305

Oximation

1,3-Dihydroxyacetone (P3)

117, 161, 181, 195

Oximation

4-Methyl-2-oxopentanoic acid (P4)

73, 181, 200, 355, 382

Combined oximation and silylation

3-Methyl-2-oxobutanoic acid (P5)

73, 181, 366, 383

Combined oximation and silylation

2,3-Butanedione (P6)

181, 279, 476

Oximation

Isobutyraldehyde (P7)

56, 117, 181, 195, 250

Oximation

Butyraldehyde (P8)

161, 181, 195, 239

Oximation

Propionaldehyde (P9)

161, 181, 195, 236

Oximation

Acetone (P10)

72, 117, 181, 253

Oximation
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the active hydrogen atom in the hydroxyl group of αterpineol. After the production of P2, it underwent the
cleavage of the C-C bond, hydroxylation of M2 and oxidation of M3 (see Figure 4). After the formation of P1 and
P2, other small molecular weight products were generated
via ring cleavage induced by hydroxyl radical attack or UV
adsorption, combined with a series of rearrangements. The
C-C bond cleavage by UV led to continual loss of carbon,
and the hydroxylation-by-hydroxyl radical that followed generated smaller organic fragments containing aldehyde and
carboxylic acid groups, such as the observed products
(P3-P9) presented in the proposed pathways.

Occurrences of transformation products
P1 and P2 were two main transformation products, the concentrations of which were monitored in the UV/H2O2
process. As Figure 5 shows, the reactions generating P1
and P2 occurred in the initial stage of the photodegradation.
The amounts of P1 reached a maximum at 50 min and progressively decreased in the following 70 min, whereas the
amounts of P2 reached a maximum at 15 min and disappeared at 120 min. Considering that α-terpineol had
degraded almost completely at 60 min when the H2O2
concentration was 10 mg/L and the initial concentration
of α-terpineol was 20 mg/L (see Figure 2), P1 and P2
remained much longer than α-terpineol. It should be noted
that although α-terpineol and P1 have low toxicity, P2 is suspected to be acutely toxic via the oral route and hazardous
to the aquatic environment according to European Chemicals Agency (ECHA). So if a drinking water source was
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polluted by α-terpineol as in the accident in Wushan
described above, particular attention should be paid to the
occurrence of P2 in the relevant drinking water plants
which apply UV/H2O2 as a disinfection technique.

CONCLUSIONS
This study demonstrated that UV/H2O2 is a promising
technology for the degradation of α-terpineol in aqueous
solution. With an H2O2 dose of 10 mg/L and a UV
ﬂuence of 64.8 J/cm2 (light intensity: 18 mW/cm2,
irradiation time: 60 min), more than 95% of the α-terpineol
can be removed. A high pH value was found to be negative
to the degradation. The investigation into the matrix effects

2
of Cl, HCO
3 , NO3 , SO4 and HA suggested that the degradation could be signiﬁcantly inhibited by HCO–3 and HA.
Thus in the treatment of wastewater from mineral dressing
plants, the water should be acidiﬁed and aerated to
remove bicarbonate before photodegradation if bicarbonate
or carbonate were applied in the ﬂotation process.
Two possible degradation pathways were proposed based
on the identiﬁcation of the transformation products: the ﬁrst
one started from hydroxylation of the C-C bond and the
second one began with cleavage of the side chain. Moreover,
two main transformation products were monitored. They
remained much longer under the UV/H2O2 treatment than
α-terpineol, and one of them is suspected to be toxic.
To break down this potentially toxic byproduct, nearly twice
the UV ﬂuence was required than to remove α-terpineol.
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