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a b s t r a c t

The present study deals with the photocatalytic degradation of the alkanolamine, 2-dimethylamino-2-
methyl-1-propanol (DMAMP), in the presence of TiO2 particles and UV-A (� = 365 nm) radiation. The
obtained results show complete oxidation of DMAMP after 20 h, and a little over 90% of DMAMP was
mineralization after 64-h of treatment. The effects of the solution pH, catalyst loading, and anions on the
photocatalytic degradation of DMAMP were investigated, as well as the reaction intermediates that were
eywords:
lkanolamine
MAMP
MAE
iO2

formed during treatment. To the best of our knowledge, this is the first time that reports the degrada-
tion pathways of DMAMP. A number of intermediates were identified by GC/MS techniques during the
treatment of DMAMP, following three tentative degradation routes. The first one is based on the oxidation
of the primary alcohol group leading to the formation of corresponding aldehyde and carboxylic acid.
The second route is based on the rupture of the N–C bond to form 2-methylpropanal and acetone. The
last degradation route is based on the cyclization of the �-amino alcohol group to form the oxazolidine
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hotocatalytic derivatives.

. Introduction

Alkanolamines are organic compounds that possess the chem-
cal properties of both amines and alcohols. These versatile
hemicals are used extensively by chemical and pharmaceutical
ndustries as lubricants, corrosion protection, emulsifying agents,
nd as ingredients of various pharmaceutical preparations. Further-
ore, they are often utilized for metal surface finishing, natural

as purification, and as additives and dyes in cleaning solutions
1]. In 1993, approximately 20 million kg of alkanolamines were
sed for natural gas purification in the United States [2]. Because
lkanolamines are used in many ways, and since they have been
dentified as pollutants in certain wastewater effluents [1,3], the
evelopment of a simple and effective removal method is necessary.

Conventional water treatment methods based on adsorption or
everse osmosis principles can be used, but these methods involve
nly phase transfer of pollutants without degradation. Accord-

ngly, a subsequent waste treatment has to follow [4]. Biological
astewater treatments combining nitrification and denitrification
rocesses often leave one or more nitrogen species in the efflu-
nt stream [5]. Moreover, the use of these biological processes

∗ Corresponding author. Tel.: +886 4 2219 6999; fax: +886 4 2219 4990.
E-mail address: cslu6@ntcnc.edu.tw (C.-S. Lu).
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o remove organic pollutants from wastewater is limited to low
oncentration. Diluting wastewater to a suitable concentration for
he microorganisms leads to economically unfeasible volumes.
urthermore, selected contaminants can harm the bacteria popu-
ations used, resulting in a decrease of their biological activity. The
low reaction rates and need to dispose of activated sludge are large
rawbacks of biological treatment methods [6,7].

Titanium dioxide (TiO2)-based photocatalytic oxidation is a
romising technology in water and wastewater treatment because
iO2 is a cheap, stable, and nontoxic catalyst [8]. It has been
hown that solar radiation can be used in photocatalysis, which
ould make it economically competitive for water and wastewater

reatment [9]. The TiO2-mediated photocatalysis process has been
uccessfully used to degrade pollutants during the past few years
10–13]. The initial step in TiO2-mediated photocatalysis degrada-
ion is proposed to involve the generation of an (e−/h+) pair, leading

ainly to the formation of hydroxyl radicals (•OH), as well as super-
xide radical anions (O2

•−), and hydroperoxyl radicals (•OOH), and
hese radicals are the oxidizing species in the photocatalytic oxida-
ion processes [14–16]. Among them hydroxyl radicals are the most

owerful oxidizing species that TiO2 photocatalysis produces and
an attack organic contaminants present at or near the surface of
iO2 [17].

2-Dimethylamino-2-methyl-1-propanol (DMAMP) was
elected as the model compound for photocatalytic studies

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:cslu6@ntcnc.edu.tw
dx.doi.org/10.1016/j.jhazmat.2008.09.127
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Fig. 1. Chemical structures of DMAMP (a) and DMAE (b).

ince it is extensively used as an emulsifying agent, corrosion
nhibitor, resin solubilizer, and catalyst for the production of
oams, a stabilizer for finishes, and raw material for chemical
ynthesis [18]. In our study, we investigated various parameters
hat may affect the photodegradation of DMAMP in the presence
f TiO2 suspensions, in order to obtain a better understanding
n TiO2 photocatalysis. To the best of our knowledge, this is the
rst study that reports the degradation pathways of DMAMP. This
tudy focused on the identification of the reaction intermediates
nd understanding of the photodegradation pathways of DMAMP
n the TiO2/UV light process. To obtain a better understanding on
he mechanistic details of this TiO2-assisted photodegradation of
lkanolamine with UV irradiation, the photocatalytic degradation
f structurally similar 2-dimethylaminoethanol (DMAE) was also
xamined and compared with that of DMAMP.

. Experimental

.1. Materials and reagents

2-Dimethylamino-2-methyl-1-propanol and 2-
imethylaminoethanol were obtained from Sigma–Aldrich and
cros, respectively. The chemical structures of both alkanolamines

re shown in Fig. 1. Other chemicals used were of reagent grade
nd used as received without further purification. The TiO2
anoparticles (P25, ca. 80% anatase, 20% rutile; particle size, ca.
0–30 nm; BET area, ca. 55 m2 g−1) were supplied by Degussa.

ig. 2. pH effect on the photocatalytic degradation rate of DMAMP. Experimental
onditions: DMAMP concentration 8.5 × 10−4 M; TiO2 concentration 0.5 g L−1.

o
m
s
s

F
E
0

ig. 3. Effect of TiO2 dosage on the photocatalytic degradation rate of DMAMP.
xperimental conditions: DMAMP concentration 8.5 × 10−4 M; pH 9.

e-ionized water was used throughout this study. The water was
urified with a Milli-Q water ion-exchange system (Millipore Co.)
o give a conductivity of 1.8 × 107 �-cm.

.2. Apparatus and instruments

The apparatus for studying the photocatalytic degradation of
MAMP has been described elsewhere [19]. The C-75 Chromato-
ue cabinet of UVP provides a wide area of illumination from
he 15-W UV-365 nm tubes positioned on two sides of the cabi-
et interior. Solid-phase microextraction (SPME) was utilized for
he analysis of DMAMP and intermediates resulting from the pho-
ocatalytic degradation process. SPME holder and fiber-coating
ivinylbenzene-carboxen-polydimethylsiloxane (DVB-CAR-PDMS
0/30 �m) were supplied from Supelco (Bellefonte, PA). GC/MS
nalyses were conducted with a PerkinElmer AutoSystem-XL gas
hromatographer interfaced to a TurboMass selective mass detec-
or. The mineralization of DMAMP was monitored by measuring
he total organic carbon (TOC) content with a Dohrmann Phoenix
000 Carbon Analyzer, which employs a u.v./persulfate oxidation
ethod by directly injecting into the aqueous solution.

.3. Procedures and analysis

DMAMP solution (8.5 × 10−4 M) with the appropriate amount

f photocatalyst was mixed and used in photocatalytic experi-
ents. For reactions in different pH media, the initial pH of the

uspensions was adjusted by the addition of either NaOH or HClO4
olutions. Prior to irradiation, the suspensions were magnetically

ig. 4. Effect of anions on the photocatalytic degradation rate of DMAMP.
xperimental conditions: DMAMP concentration 8.5 × 10−4 M; TiO2 concentration
.5 g L−1; pH 9.
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ig. 5. Depletion in TOC measured as a function of irradiation time for an aqueous
olution of DMAMP (8.5 × 10−4 M) in the presence of TiO2 (0.5 g L−1).

tirred in the dark for ca. 30 min to ensure the establishment of the
dsorption/desorption equilibrium. Irradiations were carried out
sing two UV-365 nm lamps (15 W). After each irradiation cycle,
he amount of DMAMP was thus determined by SPME–GC/MS.
he aqueous TiO2 suspension was sampled (5 mL) and centrifuged
o separate the TiO2 particles. The clear solution was then trans-
erred into 4 mL sample vial. The SPME fiber was directly immerged
nto the sample solution to extract DMAMP and its intermedi-
tes for 30 min at room temperature, with magnetic stirring at
50 ± 10 rpm on the Corning stirrer/plate (Corning, USA). Finally,
he compounds were thermally desorbed from the fiber to the GC
njector for 25 min. Separation was carried out in a DB-5 capillary
olumn (5% diphenyl/95% dimethyl-siloxane), 60 m, 0.25-mm i.d.,
nd 1.0-�m thick film. A split-splitless injector was used under the
ollowing conditions: injector temperature 250 ◦C and split flow
0 mL/min. The helium carrier gas flow was 1.5 mL/min. The oven
emperature program was 1.0 min at 40 ◦C and 8 ◦C/min to 200 ◦C
4.0 min). Electron impact (EI) mass spectra were monitored from
0 to 350 m/z. The ion source and inlet line temperatures were set
t 220 and 250 ◦C, respectively.

. Results and discussion
.1. Effect of pH

Many studies have indicated that the pH of a solution is an
mportant parameter in the photocatalytic degradation of organic
ompounds [20,21]. This is due to the fact that pH influences

o
o
t
c

Fig. 6. GC/MS chromatogram obtained for DMAMP solution afte
aterials 165 (2009) 306–316

he surface charge of the semiconductor, thereby affecting the
nterfacial electron transfer and the photoredox process [22]. The
hotodegradation rate of the DMAMP as a function of reaction pH

s shown in Fig. 2. The results indicated that the degradation rate
ecreased with a decrease in pH, and it proceeded much faster
nder an alkaline pH. The effect of pH on a photocatalytic reac-
ion is generally ascribed to the surface charge of the photocatalyst
nd its relation to the ionic form of the organic compound (anionic
r cationic). Electrostatic attraction or repulsion between the pho-
ocatalyst’s surface and the organic molecule is taking place, and
hese events consequently enhance or inhibit, respectively, the pho-
odegradation rate [23].

The zero point charge (pHzpc) of TiO2 is 6.25 and so its
urface is predominately positively charged below pHzpc (i.e.,
i-OH + H+ �TiOH2

+) and negatively charged above pHzpc (i.e., Ti-
H + OH− �TiO− + H2O). The pKa value of DMAMP is about 10.2

24], so this alkanolamine is mostly protonated at pH 9 or below.
nder an acidic condition (pH 5), the protonated DMAMP is diffi-
ult to adsorb onto the positively charged TiO2 surface. As a result,
ctive species like hydroxyl radical have such small possibilities of
ontacts with DMAMP that the overall degradation rate becomes
ower. Similar result has been reported previously by Antoniou and
ionysiou [25]. They studied on the photocatalytic degradation of
reatinine and showed that both catalyst and primary contami-
ant (creatinine) were positively charged at acidic pH. Hence the
dsorption on the surface of the titania was limited and the pho-
odegradation of creatinine occurred slowly. At a basic initial pH
pH 9), photocatalytic degradation is enhanced due to electrostatic
ttraction between the negatively charged surface and the pro-
onated DMAMP. In addition, more hydroxide ions (OH−) in the
olution induce the generation of hydroxyl free radicals (•OH),
hich come from the photooxidation of OH− by holes forming on

he TiO2 surface [17,26]. Since hydroxyl free radical is the dominant
xidizing species in the photocatalytic process, the photodegrada-
ion of DMAMP is therefore accelerated in an alkaline medium.

.2. Effect of TiO2 dosage
It is important from both the mechanistic and application point
f view to study the dependence of the photocatalytic reaction rate
n the concentration of TiO2. Hence, the effect of TiO2 dosage on
he degradation of DMAMP was investigated using TiO2 at different
oncentrations, keeping all other parameters stable. The photocat-

r 8 h of irradiation with UV light in the presence of TiO2.
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Fig. 7. Mass spectra of compound D formed during the photodegradation of the DMAMP (a) CI mass spectra, (b) EI mass spectra of compound D and DMAMP, and (c) proposed
fragmentation pathways of compound D and DMAMP obtained from EI mass spectra analyses.
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Table 1
Identification of the intermediates from the photodegradation of DMAMP by GC–MS.

Peaks Photodegradation intermediates RT (min) MS peaks (m/z)

A Acetone 6.77 58,43,15
B 2-Methylpropanal 7.96 72,43,41,29,27
C 4,4-Dimethyloxazolidine 12.97 101,86,71,58,56,42
D 2-Dimethylamino-2-methylpropanal 14.72 115,86,72,70,56,44,42
E 3,4,4-Trimethyloxazolidine 15.17 115,100,85,72,70,56,42
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mineralized within 64 h of photocatalytic reaction time. The TOC
data confirms that all of the organic compounds were mineral-
ized when the TiO2/UV process was applied for sufficient reaction
time.
MAMP 2-Dimethylamino-2-methyl-1-propanol
2-Dimethylamino-2-methylpropanoic acid

lytic degradation rate was found to increase with increasing TiO2
osages, but the reaction was slower at higher TiO2 dosages (Fig. 3).
he higher degradation rate with increase in catalyst dosage can be
ttributed to the increase in catalyst surface area, increase of light
bsorption and consequently the creation of a higher number of
ctive species. However, when TiO2 was overdosed, the intensity
f incident UV light was attenuated because of the decreased light
enetration and increased light scattering, which counteracted the
ositive effect coming from the dosage increment and therefore
educed the overall performance [27].

.3. Effects of anions

The presence of anions such as chloride and carbonate is com-
on in industrial effluents. These ions act as hydroxyl radical

cavengers and also absorb UV light, which affects the photocat-
lytic degradation [28,29]. Therefore, studying the effects of anions
n the photocatalytic degradation of DMAMP is important. The
ffects of Cl− and CO3

2− ions on the degradation rate of DMAMP
ere examined individually, by adding NaCl and Na2CO3 to the sys-

em until the resultant solution contained 0.1 M of Cl− and CO3
2−

ons. The results showed that anions inhibited the degradation con-
iderably (see Fig. 4). Inhibition effects of anions can be explained
s the reaction of hydroxyl radical with anions that behaved as
OH radical scavengers (Eqs. (1) and (2)) resulting in prolonged
MAMP removal. Formation of inorganic radical anions (e.g. Cl•,
O3

•−) under these circumstances is possible.

l− + •OH → Cl• + OH− (1)

O3
2− + •OH → CO3

•− + OH− (2)

However, these radicals have a lower oxidation potential than
ydroxyl radicals (E0(CO3

•−/CO3
2−) = 1.85 V, E0(Cl•/Cl−) = 2.47 V,

0(OH•/H2O) = 2.80 V), they are not as reactive as •OH and thus
he rate of photocatalytic degradation is reduced [30,31]. Similar
esults have been reported previously by Chen et al. [32], suggesting
hat inorganic anions were capable of inhibiting the photocatalytic
egradation of dichloroethane in aqueous suspensions of TiO2.
.4. TOC removal

The complete degradation of an organic molecule by photo-
atalysis normally leads to the conversion of all its carbon atoms
o gaseous CO2 and of the heteroatoms into inorganic anions that

able 2
dentification of the intermediates from the photodegradation of DMAE by GC–MS.

Photodegradation intermediates RT (min) MS peaks (m/z)

Ethanal 5.57 44,43,29
2-Dimethylaminoethanal 10.44 87,58,44,42,30

MAE 2-Dimethylaminoethanol 11.95 89,58,44,42,30
3-Methyloxazolidine 12.04 87,86,57,42
2-Dimethylaminoacetic acid 15.14 103,58,44,42,30

F
D
p

16.60 117,86,72,70,56,44,42
20.08 131,86,72,70,56,44,42

emain in solution. In order to study the total mineralization of
MAMP, the determination of total organic carbon (TOC) was car-

ied out as a function of the irradiation time. The decrease in
he TOC percentage of DMAMP during the photocatalytic degra-
ation is depicted in Fig. 5. Approximately, 90% of DMAMP was
ig. 8. Mass spectra of compound E formed during the photodegradation of the
MAMP (a) CI mass spectra, (b) EI mass spectra, and (c) proposed fragmentation
athway of compound E obtained from EI mass spectra analysis.
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Fig. 9. GC/MS chromatogram obtained for DMAE solution

.5. Separation and identification of the intermediates

After searching the cited literature and to the best of our knowl-
dge we have come to the conclusion that no prior study has
nvestigated the photocatalytic transformations of alkanolamines
nd that very little is known about the use of TiO2 in the treatment
f alkanolamines in aqueous solution. In this paper, the photocat-
lytic degradation mechanisms of alkanolamines are reported for
he first time. A low intensity UV-365 lamp (15 W) was used in our
tudy for the identification of organic intermediates. This enabled
s to obtain slower degradation rates and provide favorable con-
itions for the determination of intermediates. Additionally, the

nitial DMAMP concentration (8.5 × 10−4 M) was selected to be
igh enough to facilitate the identification of intermediate prod-
cts. To obtain a better understanding on the mechanistic details
f this TiO2-assisted photodegradation of alkanolamine with UV
rradiation, the photocatalytic degradation of structurally similar 2-
imethylaminoethanol (DMAE) was also examined and compared
ith that of DMAMP.

The intermediate products generated in the DMAMP solution
uring the photocatalytic degradation process with UV irradiation
ere examined with SPME–GC/MS. Fig. 6 displays the chro-
atogram of the reacted solution after irradiation for 8 h in the

resence of TiO2. At least seven compounds were identified at
etention times less than 25 min. One of the peaks was the initial
MAMP; the other six new peaks were those of the intermedi-
tes formed. We denoted the related intermediates as species A–F.
xcept for the initial DMAMP, the other peaks increased at first
nd subsequently decreased, indicating formation and subsequent
ransformation of the intermediates. Some other minor peaks were
resent, but mass fragment information did not allow elucidation
f their structures.

Table 1 summarizes the identified intermediates of DMAMP
long with their retention times and the characteristic ions of the
ass spectra. The peaks eluting at 6.77 min [compound A] and

.96 min [compound B] during GC/MS analysis of DMAMP solution
ere identified as acetone and 2-methylpropanal with fit values
f 94% and 96%, respectively, with the mass spectra library. Both
ompounds were further identified by matching their retention
imes and mass spectra with those of standards of acetone and 2-

ethylpropanal. They exhibit the exact retention times and similar
ass spectra. A search of the mass spectra library selected 4,4-

t
i
t
f
c

12 h of irradiation with UV light in the presence of TiO2.

imethyloxazolidine with a fit value of 76% for compound C, the
etention time of which on GC/MS was 12.97 min. Unfortunately,
he pure compound is not commercially available, making it diffi-
ult to reach a conclusive identification of this intermediate.

Three compounds (D, E and F) not included in the library were
dentified by interpretation of the mass spectra. The molecular mass
f these compounds was determined using positive ion chemical
onization (CI) mass spectrometry through the abundant proto-
ated molecule and the characteristic [M+C2H5]+ and [M+C3H5]+

dducts, and then structural data were obtained from the electron
mpact (EI) fragmentation patterns.

The positive ion CI and EI mass spectra of compound D elut-
ng at 14.72 min are shown in Fig. 7. The molecular mass was
etermined from the CI mass spectrum to be m/z = 115 by the obser-
ation of an [M+H]+ ion of 116, an [M+C2H5]+ ion of 144, and an
M+C3H5]+ ion of 156 (Fig. 7a). The EI mass spectrum of compound
shows high similarities with that of DMAMP. Both spectra showed

he characteristic ions at m/z = 86 and m/z = 56 that correspond to
he groups [(CH3)2N C(CH3)2]+ and [CH3N≡CCH3]+, respectively
Fig. 7b and c). Compound F exhibited a molecular ion peak at
/z = 131 and a fragmentation pattern similar to compound D and
MAMP. Based on these data, the structures of compounds D and F
re consistent with the 2-dimethylamino-2-methylpropanal and 2-
imethylamino-2-methylpropanoic acid, formed by photocatalytic
xidation of the alcohol group of DMAMP, leading to aldehyde and
arboxylic acid products.

The positive ion CI and EI mass spectra of compound E, which
luted at 15.17 min, are shown in Fig. 8. The molecular mass was
etermined from the EI mass spectrum to be m/z = 115, which
as confirmed by the observation of an [M+H]+ ion of 116 using
ositive ion CI mass spectrometry (Fig. 8a). The product ion at
/z = 100 in the mass spectrum of compound E corresponded

o the dimethyloxazolidine species produced following the loss
f a methyl radical from the molecular ion of m/z = 115. The
ass spectrum showed the characteristic ions at m/z = 85 and
/z = 70 that correspond to the groups [(CH3)2C N(CH3)(CH2)]•+

nd [(CH3)2C N(CH2)]+, respectively (Fig. 8b and c). According

o mass spectrometric analyses, compound E was tentatively
dentified as 3,4,4-trimethyloxazolidine. The oxazolidine deriva-
ives have been reported to be transformation products formed
rom N-methyl substituted �-alkanolamines through oxidation and
yclization [33].
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Scheme 1. Proposed pathway of the oxidation of the primary alcohol gro

Fig. 9 displays the chromatogram of the DMAE solution during
rradiation in the presence of TiO2. One of the peaks was the ini-
ial DMAE; the other four new peaks are those of the intermediates
ormed. We denoted the related intermediates as species a–d (see
able 2 for detail). Compound a eluting during GC/MS analysis of
MAE solution at 5.57 min was identified as ethanal with a fit value

f 93%. This compound was further identified by matching its reten-
ion time and mass spectra with that of an authentic standard. They
xhibit the exact retention times and similar mass spectra.

The molecular mass of compound b was determined from the
I mass spectrum to be m/z = 87 by the observation of an [M+H]+

a

l
I
(

the DMAMP under UV irradiation in aqueous TiO2 dispersions (Route I).

on of 88. The EI mass spectrum of compound b shows high
imilarities with that of DMAE. Both spectra showed the char-
cteristic ions at m/z = 58 and m/z = 30 that correspond to the
roups [(CH3)2N CH2]+ and [H2N CH2]+, respectively. Based on
hese data, the structure of compound b is consistent with the 2-
imethylaminoethanal, formed by photocatalytic oxidation of the

lcohol group of DMAE, leading to aldehyde product.

Compound d was identified by searching the mass spectra
ibrary as 2-dimethylaminoacetic acid, with a fit value of 86%.
t exhibited a molecular ion peak at m/z = 103 and product ions
m/z = 58 and 30) similar to those of DMAE.
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Scheme 2. Proposed pathway of the cleavage of the N–C bond of t

A search of the mass spectra library revealed 3-
ethyloxazolidine to be a good match (96%) for compound c,

he retention time of which on GC/MS was 12.04 min. Compound
exhibits a peak at m/z = 87, which corresponds to the molecular

on [M+H]+ and the characteristic ions at m/z = 57 and m/z = 42 that
orrespond to the groups [CH2 N(CH3)CH2]•+ and [CH2 NCH2]•+,
espectively.

From the above results, several families of intermediates can be
istinguished:

The first one arises from the oxidation of the primary alcohol
group and includes compounds D, F, b and d.
The second family of intermediates (compounds B and a) comes
from the rupture of the N–C bond.
The last family of intermediates (compounds C, E and c) is the
result of the cyclization of the �-amino alcohol groups, leading
to oxazolidines derivatives.

.6. Initial photooxidation pathway

Most organic molecules undergo photocatalytic degradation
hen irradiated in the presence of a photocatalyst. This occurs

hrough a multistep process involving the attack of the substrate
y radical species, among which the •OH radical was recognized

o be the most powerful oxidant [17]. Nakamura and Nakato [34]
roposed a mechanism of water oxidation by a nucleophilic attack
o a surface-trapped hole at a bridged O site. Murakami et al. [35]
eported when the O–O bond in Ti–O–OH breaks the hydroxyl rad-
cals can be formed from the bridge OH groups.

R

R

R

AMP under UV irradiation in aqueous TiO2 dispersions (Route II).

Schemes 1–3 show the proposed mechanisms for the genera-
ion of the primary detected intermediates, which involve three
ifferent pathways (routes I, II and III, respectively), corresponding
o the three possible reaction sites on the DMAMP molecule. Route
is based on the oxidation of the primary alcohol group leading to
he formation of 2-dimethylamino-2-methylpropanal (compound
) and 2-dimethylamino-2-methylpropanoic acid (compound F).
any researchers have indicated that the photocatalytic degrada-

ion of aliphatic alcohols may occur through direct reaction with
oles or •OH radicals to yield the corresponding aldehydes [36,37].
lcoholates or aldehydes generated in these reactions may respec-

ively react with O2
•− or •OH radicals, to yield the corresponding

arboxylates or carboxylic acids [38,39]. The sequential reactions
n the oxidation process are shown in Scheme 1. In this scheme, 2-
imethylamino-2-methylpropanoic acid (compound F) is further
ransformed via decarboxylation, hydrogen abstraction and reac-
ion with hydroxyl radicals to produce the acetone (compound A)
nd finally to be mineralized.

The second possible pathway (Scheme 2) is based on the rupture
f the N–C bond resulting in the formation of 2-methylpropanal
compound B) and acetone (compound A). Previous studies indi-
ated that the oxidation of aliphatic amines involves a one-electron
ransfer to form a cation radical which almost entirely decomposes
o a carbonium ion and amidogen radical [40].

+•
−
CH2NH2 → RCH2NH2 + e (3)

+•
CH2NH2 →

+
RCH2 + •NH2 (4)

+•
CH2 → H+ + hydrocarbons (5)
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Scheme 3. Proposed pathway of the cyclization of the �-amino alcohol gro

A plausible mechanism (route II) for the formation of degrada-
ion intermediates (B and A) involving electron transfer reactions
nd reaction with hydroxyl radicals formed in the photocat-
lytic system is proposed in Scheme 2. In this scheme, hydroxyl

adical reacts with the lone-pair electron on the N atom to gen-
rate a cationic radical, which subsequently decomposes to a
arbonium ion [(CH3)2C(CH2OH)]+ and dimethyl-substituted ami-
ogen radical [(CH3)2N•]. The deprotonation of the carbonium

on produces the 2-methyl-1-propenol, which converts into 2-

p
f

(
c

the DMAMP under UV irradiation in aqueous TiO2 dispersions (Route III).

ethylpropanal (compound B) through the keto-enol tautomerism.
-Methylpropanal generated in these reactions may respectively
eact with O2

•− or •OH radicals to yield the corresponding 2-
ethylpropanoic acid. Decarboxylation of the carboxylic acid
roduces the propane, which converts into acetone (compound A),
ormate and acetate [41].

Finally, in the degradation route III the detected intermediates
compounds C and E) are rationalized as being formed by the
yclization of the �-amino alcohol groups during photooxidation
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Scheme 4. Proposed reaction pathwa

f DMAMP. In the Scheme 3, hydroxyl radical yields a (hydroxy-tert-
utyl)-methylaminomethyl radical upon the H-atom abstraction
rom the methyl group attached to the nitrogen. The corre-
ponding aminomethyl radical reacts with hydroxyl radical to
enerate a di-hydroxylated intermediate that subsequently trans-
orms into 3,4,4-trimethyloxazolidine (compound E) through the
yclo-dehydration mechanism [42]. Analog cyclization transforma-
ion products were also found in the oxidation of N-aryl-N-methyl
ubstituted �-alkanolamines using pyridinium dichromate [33].
he mechanism for the hydrolysis of oxazolidines has been
eported by Walker et al. [43], suggesting that oxazolidines
ere capable of undergoing facile hydrolysis in aqueous media

o produce the �-amino alcohol and carbonyl compound. In

he Scheme 3, the 4,4-dimethyloxazolidine (compound C) is
urther transformed via hydrolysis, oxidation of the primary
lcohol group, decarboxylation and dealkylation leading to the
ormation of acetone (compound A) and finally to the mineraliza-
ion.

l
F
m
a
h

photocatalytic degradation of DMAE.

Similar photooxidation pathways can be observed also in the
hotocatalytic degradation of DMAE. In the Scheme 4, route I

s based on the oxidation of the primary alcohol group leading
o the formation of 2-dimethylaminoethanal (compound b) and
-dimethylaminoacetic acid (compound d). The carboxylic acid

s subsequently decarboxylated into trimethylamine and further
ineralized. Route II involves a one-electron transfer to form
cation radical, which subsequently decomposes to a carbo-

ium ion [CH2CH2OH]+ and dimethyl-substituted amidogen radical
(CH3)2N•]. Vinyl alcohol is formed via deprotonation but quickly
automerize to ethanal (compound a) that sequentially react with
2

•− or •OH to form acetic acid and to be mineralized. Route
II is based on the cyclization of the �-amino alcohol groups

eading to the formation of 3-methyloxazolidine (compound c).
ollowing one •OH radical abstracting a hydrogen atom from the
ethyl group attached to the nitrogen, and another •OH radical

ttacking the corresponding aminomethyl radical, forming a di-
ydroxylated intermediate, the subsequent cyclo-dehydration of
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his intermediate yields the 3-methyloxazolidine (compound c).
he corresponding 3-methyloxazolidine is further transformed via
ealkylation, hydrolysis, oxidation of the primary alcohol group
nd decarboxylation leading to the formation of methylamine and
nally to the mineralization.

. Conclusion

Photodegradation using TiO2 as a catalyst is an efficient method
f degrading DMAMP. At optimal operating parameters, its degra-
ation efficiency could reach 99% in 20 h. The photodegradation
ate of DMAMP was found to increase with increasing value of pH.
he photodegradation rate was found to increase with increas-
ng TiO2 dosages, but the reaction was slower at higher TiO2
osages. In addition, the presence of inorganic ions such as Cl− and
O3

2− that are often presented in industrial effluents decreased the
hotocatalytic degradation rate of DMAMP. The photodegradation
echanism proposed consists of three main competitive pathways:

he oxidation of the primary alcohol group, the rupture of the N–C
ond and the cyclization of the �-amino alcohol group. The reac-
ion mechanisms of TiO2/UV proposed in this research would be
seful for future application of the technology for degradation of
lkanolamine compounds.
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