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Kinetics of Methyldiethanolamine Mineralization by
Using UV/H,0, Process

The UV[H,0, is one of the popular techniques in the advanced oxidation processes
(AOPs) and has been applied in the wastewater treatment during recent two decades. UV
exposure on the H,0, generate highly reactive hydroxyl radicals (OH®), which are used
to degrade organic contaminants through oxidation processes in wastewater. This
present study involves the estimation of hydroxyl radical rate constants of methyl-
diethanolamine (MDEA) mineralization at different temperatures by using UV/H,0, in
aqueous solution. Laboratory experiments have been conducted and the profile of
MDEA mineralization has been established. The hydroxyl radical rate constants and
the activation energy of mineralization process have been calculated. The estimated
hydroxyl rate constants and the activation energy are in good agreement with those

reported in the literature.

Keywords: Activation energy; Alkanolamine; Hydroxyl radical rate constant; Oxidation process;

Petrochemical industry

Received: March 19, 2012; revised: July 10, 2012; accepted: August 2, 2012

DOI: 10.1002/clen.201200121

1 Introduction

Methyldiethanolamine (MDEA) is one of the common alkanol-
amines, which is widely used in petrochemical industries namely,
refineries, ammonia gas plant, and natural gas treatment plant, etc.
Aqueous MDEA solutions are commonly used for the absorption/
scrubbing of acidic gases (CO, and H,S) from natural gas. MDEA
is also used in the formulation of surfactants, emulsifiers, and
fabric softeners, etc. During the processing of the above, high
concentrations of MDEA in solutions are released in to the
atmosphere in the form of wastewater/effluents, particularly during
the periodic maintenance and cleaning of the contacting equip-
ments (absorber and strippers). These effluents containing high
concentration of MDEA must be treated before their release in to
atmosphere. One of the well established technique known as
advanced oxidation process (AOP) using Fenton’s reagent has
been used to degrade the alkanolamines present in the effluents.
Fenton’s reagent (a mixture of hydrogen peroxide with ferrous
sulfate) has been used to degrade MEA [1], DEA [2], and DIPA [3|.
Even though the Fenton’s reagent is more effective to degrade, it
will form sludge at particular pH conditions. Due to the limitation/
disadvantages of Fenton’s reagent, a different technique based on
UV/H,0, was used by Ariff [4] to degrade MEA in aqueous solution.
The advantages of UV/H,0, process are: no formation of sludge
during the treatment, high ability to produce hydroxyl radicals
and applicability of the process for a wide pH range.
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During UV irradiation of H,0,, it is well known that a strongly
oxidizing agent namely hydroxyl radicals (*OH) are formed in the
solution and they have a very high oxidation potential to degrade
many organic contaminants present in the wastewater/effluent
stream [5-8]. As reported by Malik and Sanyal [9] and also by
Muruganandham and Swaminathan [10], the UV/H,O, process
is effective for the decolorization of azo-dyes, whereas the degra-
dation of 4-nitrophenol using UV/H,0, was reported by Daneshvar
et al. [11]. The degradation of phenol and chlorinated phenols
using UV/H,0, were also demonstrated by De et al. [12]. Lopez
et al. [13] successfully degraded 4-chloro-3,5-dinitrobenzoic acid
(CDNBA) in aqueous solution. Degradation and detoxification
of formalin in wastewater using UV/H,0, was reported by
Kajitvichyanukul et al. [14]. Based on the advantages of UV/H,0,
process for the degradation of alkanolamines in the effluent stream,
in this work it is proposed to use the combination of UV/H,0,
technique to degrade the simulated MDEA solution. In order
to develop UV/H,0, AOP for scale up and further commercial appli-
cations, the kinetics of the process, in particular, the knowledge of
hydroxyl radical rate constants are essentially looked-for. Hence in
the present work it is proposed to conduct experiments to verify
MDEA mineralization profile and to formulate a kinetic model for
the degradation of MDEA.

2 Materials and methods

2.1 Materials

Methyldiethanolamine (MDEA) (CAS no. 105-59-9), potassium per-
manganate (KMnO,), sulfuric acid (H,SO,4), and hydrogen peroxide
(H,0,) were obtained from Merck (Germany). Sodium hydroxide
(NaOH) was obtained from RM Chemicals (Malaysia).
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Figure 1. Scheme of the UV/H,O, photoreactor. (1) Current-voltage
control unit; (2) Thermometer; (3) UV lamp; (4) Quartz tube; (5) Jacket;
(6) Reaction zone; (7) Water inlet; (8) Water outlet; (9) Sample port;
and (10) Stirrer bar.

2.2 Methods

Methyldiethanolamine (MDEA) mineralization experiments were
conducted in a 700mL stirred jacketed glass reactor (Fig. 1) to
monitor the degradation progress. A jacketed cylindrical borosili-
cate glass column of 14inch height with 2inch id was used as the
reaction zone. The photo reactor was equipped with a low pressure
Hg vapor lamp GPH295T5L (producing UV light at 254 nm was made
in USA with serial no. EC90277), a voltage control unit, and an
opening for collecting the samples. Aluminum foil was used to cover
the photo reactor. For the degradation studies, a known concen-
tration of amine solution was taken into the glass reactor and a
required amount of H,0, was added in to the reactor. The total
volume (400 mL) includes the volume of amine solution and H,0,.
The total volume (400 mL) is the volume, where the UV lamp totally
immerses in the solution. The pH adjustment was made using
1molL™" NaOH/0.5molL ™" H,SO,. The temperature of oxidation
process was maintained by circulating water (at required tempera-
ture) through the jacket. During the process, samples were with-
drawn from time to time to follow the mineralization process. The
total organic carbon (TOC) of the samples were measured using TOC
analyzer (Shimadzu TOC-Vcsy) and the H,0, concentration was esti-
mated by KMnO, titration [15]. In order to check the stability of
MDEA at different pH ranges, experiments were conducted at three
extreme conditions, i.e., at pH 3.0, 9.79, and 11. The estimated TOC
values after 3h were found to be nearly the same and it can be
concluded that the MDEA is not affected by the change in pH of
the solution. During the experiments, approximately 2-3 mL of the
samples were withdrawn and diluted further for the estimation of
TOC and unreacted H,0,. The range of variables covered in the
present studies include: (i) four initial amine concentration (1000,
2000, 3000, and 4000 mg L ?); (ii) five initial concentration of H,0,
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(0.06, 0.09, 0.12, 0.19, and 0.22molL™Y); and (iii) four different
temperatures (20, 30, 40, and 50°C).

3 Results and discussion

3.1 MDEA mineralization profile

The most common techniques for the generation of the strongly
oxidizing hydroxyl radicals ("OH) are Fenton’s reagent, combination
of UV/O; or the combination of UV/H,0,. The present study involves
the mineralization of MDEA by hydroxyl radical (*OH), which are
generated by UV/H,0, process. UV light and H,0, can also be used
independently to degrade organic contaminants in the wastewater
[9, 12]. But for the case of MDEA mineralization, degradation occurs
only when using the combination of UV with H,0,, i.e., mineraliz-
ation occurs due to the formation of hydroxyl radical through the
exposure of UV light to H,0,. For the present experiments, the
intensity of UV lamp source was maintained at 12.06 mWcm >
and the irradiation was carried out for 3 h. Oxidation temperature
was varied from 20 to 50°C. Based on our preliminary experiments
[16], the optimum pH was found as 10.18 and hence the initial pH
was adjusted to 10.18 for all the present experiments. The mineral-
ization of MDEA also increased with an increase in H,O, concen-
tration up to 0.22mol L™'. Further increase in H,0, concentration
led to a decrease in the mineralization. Hence, to determine the
kinetic constants of MDEA mineralization, the estimated optimum
concentration of H,0, (0.22 mol L") with a pH of 10.18 were used for
the present experiments. The estimated experimental reduction
rates for MDEA, during the initial 30 min are presented in Tab. 1.

Figure 2 shows the profile of MDEA mineralization at different
temperatures (20-50°C) and also at different initial concentrations
of H,0, (0-0.22molL™?). The initial pH, initial concentration
of contaminant, UV light intensity, and irradiation period were
kept constant at 10.18, 2000mgL ™" (0.085mol L~ organic carbon),
12.06 mWcm 2 and 3h, respectively. In the absence of H,0,,
no/negligible mineralization was observed for all the temperatures,
even with UV light irradiation for 3 h. Similarly, in the absence of UV
light, H,0, did not have any effect on MDEA degradation for the
same period (3 h). The rate of mineralization increased with increas-
ing initial H,0, concentrations. The production of hydroxyl radical
(°OH) plays an important role in the MDEA mineralization process,
which agrees with the similar reported observations [11, 17-19].
Daneshvar et al. [11] reported the enhancement of 4-nitrophenol
removal percentage with increasing concentration of hydroxyl
radical in the oxidation system. On the other hand, an increase in
the rate of degradation of sulfamethoxazole (antibiotic) and the
rate of decolorization of Malachite Green with increasing concen-
trations of H,0, have been reported by Behnajady et al. [18] and
Lester et al. [19], respectively. Abramovic¢ et al. [17] also reported a
similar increase in the rate of degradation of thiacloprid (insecticide)
with an increase in H,0O, concentration.

Furthermore, the effect of reaction temperature on the overall
mineralization of MDEA can also be seen in Fig. 2. The degree of
mineralization was nearly same for all the oxidation temperature up
to 30°Cindicating that the process in not temperature dependent till
<30°C or nearly the room temperature conditions. This is a good
advantage for the future application in which the process oxidation
can be conducted at room temperature conditions to achieve maxi-
mum efficiency. Meanwhile, an increase in temperature from 30°C
up to 50°C had reverse effect on the degree of mineralization, where
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Table 1. Estimated reduction rates at initial 30 min
Temperature Experimental [Clo [H20:]0 [—d[C]o/dt] Slope; R?
(°C) (molL™) (molL™Y) (molL™'min™?)
20 [C]o = constant 0.0847 0.0615 0.000180 Slope =0.5350
0.0847 0.0900 0.000221 R*=0.9991
0.0851 0.1210 0.000260 (Fig. 4)
0.0847 0.1810 0.000317
0.0852 0.2220 0.000359
[H,0,]o = constant 0.0432 0.2230 0.000235 Slope =0.5949
0.0852 0.2220 0.000359 R*=0.9993
0.1280 0.2170 0.000449 (Fig. 5)
0.1825 0.2170 0.000556
30 [Clop = constant 0.0847 0.0615 0.000179 Slope =0.5354
0.0847 0.0900 0.000221 R*=0.9991
0.0850 0.1210 0.000260 (Fig. 4)
0.0847 0.1810 0.000317
0.0852 0.2230 0.000359
[H,0,]o = constant 0.0432 0.2220 0.000235 Slope =0.5947
0.0852 0.2230 0.000359 R*=0.9993
0.1280 0.2170 0.000448 (Fig. 5)
0.1825 0.2170 0.000556
40 [C]p = constant 0.0851 0.0615 0.000144 Slope = 0.5544
0.0850 0.0900 0.000178 R*=0.9995
0.0851 0.1210 0.000210 (Fig. 4)
0.0853 0.1800 0.000263
0.0850 0.2210 0.000290
[H,0,]o = constant 0.0432 0.2220 0.000194 Slope = 0.5740
0.0850 0.2210 0.000290 R*>=0.9983
0.1278 0.2210 0.000370 (Fig. 5)
0.1830 0.2210 0.000457
50 [C]o = constant 0.0848 0.0610 0.000113 Slope =0.5672
0.0848 0.0900 0.000140 R*=0.9998
0.0850 0.1210 0.000167 (Fig. 4)
0.0850 0.1830 0.000210
0.0850 0.2210 0.000233
[H,0,]o = constant 0.0432 0.2220 0.000156 Slope =0.5785
0.0850 0.2210 0.000233 R*=0.9998
0.1280 0.2180 0.000293 (Fig. 5)
0.1840 0.2180 0.000361

it decreases with increasing temperature. Most probably when the
oxidation temperature is >30°C, hydrogen peroxide (H,0,) under-
goes self-accelerating decomposition. This condition will affect
mineralization efficiency. The results obtained are in good agree-
ment with those reported by Kavitha and Palanivelu [20]. They
reported that the maximum degradation efficiency of cresol using
Fenton’s reagent was observed at 30°C and beyond which the degra-
dation efficiency was reported to be constant.

Figure 3 shows the effect of initial concentration of contaminant
on the mineralization efficiency at different oxidation temperatures
(20-50°C). Four initial concentrations of contaminant ([Co) in the
range of 0.042-0.180molL™' were used and initial H,0,
concentration ([H,O,]o), pH, UV intensity, and radiation period
were kept constant at 0.22molL™", 10.18, 12.06 mWcm 2, 3h,
respectively. Based on the trends, it was observed that the mineral-
ization efficiency decrease with increasing initial concentration
of contaminant, which is in good agreement with the reported
literature [18, 21, 22]. The degradation efficiency was reported to
decrease with increasing initial contaminant concentrations. Haji
et al. [21] observed that for higher initial concentration of dye with
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excess H,0, took longer time to achieve a specific degradation. On
the other hand, Behnajady et al. [18] reported that decolorization
decrease with increasing initial concentration of Malachite Green
for a constant initial concentration of H,0,. Ochuma et al. [22]
also reported a similar behavior for the degradation rate of 2,4,6-
trichlorophenol (TCP). They also concluded that, at constant UV
lamp intensity, for the higher concentration of TCP required longer
radiation time for complete degradation.

3.2 Estimation of hydroxyl radical rate constant on
MDEA mineralization

In this study, the degradation/mineralization process was followed
by measuring the TOC of the samples during the oxidation process.
Based on the MDEA mineralization profile, the MDEA mineralization
process can be explained as follows:

Kex .
S + HyO, + hv = degradation product (1)

Clean — Soil, Air, Water 2013, 41 (12), 1165-1174
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Figure 2. MDEA mineralization profile at different initial concentration of

intensity = 12.06 mW cm~2; radiation time = 3 h.

H,0, + hv % 2°0H 2
S+ °OH b, degradation products (3)

where S is substrate (MDEA). Hydroxyl radical is well known as a
non-selective oxidator. Consequently, the hydroxyl radical react
with H,0, during oxidation process to produce less reactive radical
such as hydroperoxyl radical (HO,®) and O,°, which is known as
scavenging reaction. These scavenging reactions during MDEA
mineralization may be expressed as follows:

H,0, + *OH 4 HO3 + H,0 (4)
H,0, + *OH % 0% + H' + H,0 (5)
H,0, + HOS % *0H + 0, + H,0 (6)

De et al. [12] estimated the hydroxyl radical reaction rate constants
for phenol and chlorinated phenols by using UV/H,O, photo-
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oxidation and a similar approach is considered for the minerali-
zation of MDEA. Hence the rate of mineralization —(d[C]/dt) could
be estimated as follows:

dc] e
- = k[CroH] @)

where [C] is the concentration of substrate, ["OH] the concentration
of hydroxyl radical, and k3 is the hydroxyl radical rate constants for
MDEA mineralization. During the oxidation process the scavenging
reaction occurs, in which the hydroxyl radicals react with H,0, to
form other less reactive radicals such as HO,® and O,°. UV photolysis
of H,0, (Eq. (2)) and the reaction of HO,® with H,0, (Eq. (6)) leads
the formation of *OH radical, while the reaction of *OH with the
substrate (Eq. (3)) and H,0, (Egs. (4) and (5)) leads to the disappear-
ance of *OH in the system. Rate of formation of *OH by UV photolysis
of H,0, can be expressed as [(Pu,0, Waps 11,0,)/V] [7, 12]. On the other
hand, the formation of HO,® is expressed by Eq. (4) and the disap-
pearance of HO,® is expressed by Eq. (6). According to the above
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Figure 3. MDEA mineralization profile at different initial concentration of contaminant ([Clo) [H20.]o=0.22molL™"; pH 10.18; UV
intensity = 12.06 mW cm~2; radiation time =3 h.

reactions, the rate of formation of *OH are [(®u,0, WabsH,0,)/V] and  where [HO,"] and [*OH] are the concentrations of HO," and *OH,
ke [HO3] [H20,], according to Egs. (2) and (6), respectively. Similarly  respectively, and kg, ks, ks, and kg are the rate constants. The species
the rate of disappearance of “OH can be represented as —k;[C|[*OH],  involved in the reactions namely ["OH] and [HO,"] are the intermedi-
—k4[H,0,][*OH], and —ks[*OH][H,0,], according to Egs. (3)-(5), respec-  ates and are very reactive and do not accumulate during the reac-
tively. Hence, the net rate of formation can be represented as follows:  tion. After the induction period, the steady state approximation

assumes that the rate of formation of the individual species ([*OH]

d[*OH] _ |:¢H202 WabS.H202:| + ke[HOS][H,05] — ks[C][*OH] and [HO,")) is equal to the rate of disappearance [1, 3, 12, 19, 23, 29]
d v and hence, (d[*OH]/dt) = 0 and (d[HO3]/dt) = 0. Using this steady
— k4[H20,][*OH] — ks[*OH][H, 03] (8)  state conditions, an equation for [*OH] can be derived, by rearrang-

ing Eq. (9) and then substituting into Eq. (8) to yield:
where ®y, 0, is the quantum yields of the photolysis of H,0, (mol/E),

Wibs 1,0, is the radiation flow rate absorbed by H,0, (E/s), and V is the *OH] = [(®Py,0, Wabs 1,0,)/V] 10)
volume of solution irradiated (L). Similarly the net rate of formation k3[C] + ks [H,0;]

of HO,® can be estimated from the rate of formation (Eq. (4)) and

disappearance (Eq. (6)), respectively: Further substituting Eq. (10) into Eq. (7) yields:

d[HO3] . . _dq] _ [(Pr,0,Was1,0,)/V] 1
5, = ka[H202][*OH] — ks [HO3 ] [H0,] ) it~ B O T ke [H,0] (11)
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During the start of the reaction (time, t~ 0), the reaction of H,0,
scavenging to hydroxyl radical (*OH) can be neglected (Eqgs. (4) and (5))
and hence, the initial mineralization rate — (d[C],/dt) is equal to the
rate of formation of hydroxyl radical d[*OH]/dt by UV photolysis of
H,0, as represented in Eq. (2). The generation rate of hydroxyl radical
at the initial time without any scavenging can be expressed as
[(®Pr,0, Wabs 1,0, )/V] [12], therefore:

diclo _ {M}

S at v

and hence Eq. (11) can be modified as:

d[C] —d[C],/dt
— L — 12
@ el }kg[c] + ks[H,0,] (12)
The initial rate equation can be expressed as [24]:
d[C
- U ko 312041 13

where k.y;, is the mineralization rate constant observed and t is the
oxidation time. Further, ‘a’ and ‘b’ are the order of reactions. By
combining and rearranging Eqgs. (12) and (13), the mineralization
rate can be expressed as:

[CJ§[H202]p
—d[C)/dr

(14)

1 ks {[HZOZ}}
B kexp kexpkB [C]

Furthermore, the order of reaction (‘a’ and ‘b’) may be calculated
by initial rate method [24] by using Eq. (13). For the estimation of the
order of reaction ‘b’, the experiments were conducted at five differ-
ent concentrations of H,0, at constant initial concentration of
substrate [C],. Based on the above condition, the logarithmic form
of Eq. (13) is:

In [— d[dct]o} = Ink’ + bIn[H,0,], (15)

where k' =Kexp[Clo". The present experimental results (Tab. 1) were
used to estimate the order of reaction ‘b’ by plotting 1n[—d[C]o/dt]
versus 1n[H,0,], (Fig. 4) and the estimated slope was approximately
0.55 at four different reaction temperatures (20, 30, 40, and 50°C).
Similarly for the estimation of ‘a’ the experiments were conducted
at four different initial concentration of substrate [C], by keeping
the initial concentration of [H,0,], at constant. A plot In[—d[C|o/dt]
versus In[C], shows a linear correlation, as shown in Fig. 5, and
the estimated slope was approximately 0.58 at all reaction tempera-
tures tested. Using the estimated values for ‘a’ and ‘b’, Eq. (13)
becomes:

Ao [ 0,13 (13
indicating that the overall mineralization process at the initial
reaction time follows the pseudo first order reaction. Based on
the experimental rate equation (Eq. (13)), it can be shown that the
mineralization rate depends on both [C], and [H,0,|, where [C]o
is slightly dominant than [H,0,]o. This may be due to the presence
of intermediate products such as organic acids which cannot
be readily degradable by hydroxyl radical. Therefore, due to the
scavenging reaction the concentration of hydroxyl radical in the

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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system decreased. Thus, the MDEA mineralization process was
dominantly controlled by [C]o.

According to De et al. [25], the reaction rate of second stage of
phenol degradation by UV/H,0, was interfered by organic acid
formed in the system. The formation of organic acid reduced the
concentration of hydroxyl radical in the system. Therefore the reac-
tion rate was controlled by the concentration of phenol available in
the reaction medium [25]. Similarly acetic, maleic, and oxalic acid
are the organic acids that are not readily degradable by hydroxyl
radical, Jone [5] and Koprivanac and Kusic [6]. Hence, the incomplete
of MDEA mineralization might be attributed to the formation of
acidic intermediate products that are not readily degradable by
hydroxyl radical.

On the other hand, the present experimental results (Tab. 1) were
used for solving Eq. (14) and the plot is shown in Fig. 6. For the
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Figure 6. Plot of [C]o?[H,0,]o"/—d[C)/dt versus [H20,]o/[Clo (Eq. (14)) at
four different temperatures and pH 10.18.

estimation of kinetic constants, the reported value for ks at pH
10.5=30 x 10’ Lmol ‘s was considered [26] and the rate of sub-
strate degradation for the reaction at the first 30 min [—d[C|o/dt]
was calculated from the experimental data (Tab. 1) for each
experimental condition. The results are summarized in Tab. 2.
The estimated hydroxyl radical rate constants are similar at 20
and 30°C of the oxidation process. As discussed earlier based on

Table 2. Calculated values for Ky, and ks

Kinetics of Methyldiethanolamine Mineralization 1171

the mineralization profile of MDEA, the oxidation process is not
dependent on temperature up to 30°C. Above 30°C, the hydroxyl
radical rate constants (k3) increased from 2.14 x 10’ Lmol ' min "
at 30°Ct03.07 x 10'* Lmol *min " at 50°C (3.57 x 10° Lmol *s™* at
30°C to 5.12 x 10°Lmol 's™?). Theoretically, this condition will
result in an increase in TOC removal, when the oxidation is con-
ducted at higher temperatures, but in fact the raise in temperature
decreases the organic carbon removal (kex, decreased from
347 x10 2Lmol 'min~' at 30°C to 2.28 x 10 *Lmol 'min ' at
50°C), which might be due to the reason that, an increase in oxi-
dation temperature resulted in increasing the scavenging reaction
as well, which in turn reduces the concentration of hydroxyl radical
in the system. Also, by increasing of oxidation temperature, H,0,
tend to undergo self-accelerating decomposition. For the compari-
son, De et al. [12] reported the estimated hydroxyl radical rate
constants as 1x 10’°gmol s~ ' for the degradation of 2- and 4-
chlorophenol using UV/H,0, in aqueous solution at room tempera-
ture. For the case of monoethanolamine (MEA) using Fenton’s
reagent at room temperature the reported hydroxyl radical rate
constant was 2.9 x 10°M 'min ' (4.8 x 10*M s ) [1]. Based on
these results reported by De et al. [12] and Harimurti et al. [1], the
present estimated hydroxyl radical rate constants for the mineral-
ization of MDEA by using UV/H,O, is smaller compared to the
reported rate constants for aromatic compounds such as phenol,
but the present estimated values are higher compared to those
obtained using Fenton treatment for the oxidation of same group
of compound, i.e., monoethanolamine. Table 3 presents the com-
parison of the reported hydroxyl radical rate constants for different
pollutants using various methods of oxidation process. The present

T (°C) T (K) 1T 1fkexp Slope (Eq. (14)) Kexp (M~ ' min™") ks (M~ ' min ) Ink;
20 293 0.0034 287.95 2.4255 0.003473 2.14 x 10" 26.08780
30 303 0.0033 286.94 2.3956 0.003485 2.16 x 10! 26.09669
40 313 0.0032 353.74 2.6365 0.002827 242 x 10" 26.21016
50 323 0.0031 439.37 2.5763 0.002276 3.07 x 10" 26.45004
Table 3. Reported values for hydroxyl radical rate constants for different compounds
Process Method Rate constants References
Degradation of: UV/H,0, [12]

Phenol (1414+0.6) x 10'°gmol 's™*

2-Chlorophenols (9.10+2.1) x 10°gmol 's™*

4-Chlorophenols (1.07+£0.4) x 10" gmol *s*
Degradation of methyl tert-butyl ether (MTBE) UV/H,0, (3.940.73) x 10°M 's ' =(3.940.73) x 10° Lmol 's ! [32]
Degradation of 4-chloro-3,5-dinitrobenzoic acid  UV/H,0, 3.5x10°Lmol 's! [13]
Degradation of carbendazim UV/H,0, (22403)x10°M s '=(224+0.3) x 10°Lmol s * [31]
Degradation of sulfamethoxazole UV/H,0, (3.5-6.8) x 10°M s ' =(3.5-6.8) x 10°Lmol s’ [19]
Mineralization of monoethanolamine UV/H,0, (4.7-15) x 10*°M 357! = (4.7-15) x 10*°L> mol >s* [4]
Mineralization of monoethanolamine Fenton’s 29x10°M 'min'=4.8x10*M 's ' =4.8 x10*Lmol *s™* 1]

reagent
Mineralization of di-isopropanolamine Fenton’s 1.43 x10°M 'min '=2.38 x10°M 's ' =238 x 10°Lmol ‘s’ 3]
reagent
Mineralization of methyldiethanolamine UV/H,0, Present
work

At 20°C 2.14 x 10" Lmol 'min~' =3.57 x 10°Lmol ‘s~

At 30°C 2.16 x 10" Lmol ' min ' =3.60 x 10°Lmol ‘s’

At 40°C 242 x 10" Lmol ' min~' =4.03 x 10°Lmol 's~"

At 50°C 3.07 x 10" Lmol 'min ' =5.12 x 10°Lmol 's~
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Figure 7. Plot of Inkz versus 1/T.

estimated values are satisfactorily comparable with those reported
in the literature.

3.3 Temperature dependence on mineralization of
MDEA

In the present study, the experiments on the mineralization of
MDEA by UV[H,0, were conducted at four different temperatures
ranging from 20 to 50°C, since the optimum oxidation temperature
was found within this range. The activation energy of a reaction can
be calculated using Arrhenius’ law [23, 27, 28|:

k = Age F/RT (16)

where k=hydroxyl radical reaction rate constant; A,= Arrhenius A

factor; Ea = activation energy; R=ideal gas constant=8.314JK 'mol %

T= temperature (K). The logarithmic form of Eq. (16) can be written as:
Ea 1

Ink = 1InAy — — - 17
0o~ % 7 17)

The rate constants of hydroxyl radical oxidation at temperature 20
and 30°C were found to be similar. Hence, the activation energies
were calculated using the rate constants from 30 to 50°C. Using the
present calculated data (Tab. 2) a plot of Ink; versus 1/T (Fig. 7) was

Table 4. Activation energy of hydroxyl radical oxidation for different pollutants
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made and the activation energy was estimated using the estimated
value for the slope, and the activation energy thus estimated is
14.66kJmol '. Table 4 compares the reported activation energy
values for the hydroxyl radical oxidation process for different pol-
lutants. The present estimated activation energy 14.66kJmol !
obtained for the mineralization of MDEA is in the similar range
and comparable with the reported activation energy on hydroxyl
radical degradation for simple phenolic compounds such as ortho-,
metha-, and para-cresol [20], and slightly less than that reported for
complex phenolic compounds such as 2,4,6-trichlorophenol [22], p-
hydroxybenzoic acid [29], and 2,4-dichlorophenoxyacetic acid [30]
which might also be attributed to the type of oxidation process
involved.

3.4 Energy efficiency estimations

Economics factor is often to be more paramount during the
selection of wastewater treatment technology rather than
regulations, effluent goals, and operations (maintenance, control,
safety), Daneshvar et al. [33]. Since the UV/H,O, process for
mineralization of MDEA is an electric-energy-intensive process
and the electric energy can represent major consumption cost,
then the estimation of electrical energy demand is essential.
Legrini et al. [34] proposed a general and simple method for
the evaluation of electrical energy for AOPs. The evaluation of
electrical energy was thus represented as energy efficiency,
while the efficiencies was expressed as the ratio of ppm TOC
destroyed to electrical power consumed during the time of irradia-
tion. After the multiplication with the total volume of solution
treated, then the calculation results in efficiency which is inde-
pendent of equipment size. The energy efficiency that was proposed
is expressed in Eq. (17):

_ ATOC x V (17)
P

where ¢ is the energy efficiency, ATOC the total organic carbon
destroyed (ppm), V the total volume of solution treated (L), and P
is the electrical power consumed (kW h). Based on these the calcu-
lated energy efficiency of MDEA mineralization in the present
work was estimated as 14.29 gkWh ™, whereas the reported energy
efficiency of MDEA mineralization using ZnO/SnO, coupled with
photocatalysts as reported as 0.77gkWh™", Ali et al. [35]. The
estimated values are compared in Tab. 5, which show the energy
efficiency of the present process.

Process Method Activation energy (k] mol ) References
Degradation of p-hydroxybenzoic acid UV/Fenton’s reagent 32.8 [29]
Degradation of 2,4-dichlorophenoxyacetic acid Anodic Fenton 26.1+0.9 [30]
Destruction of: Fenton’s reagent [20]

o-Cresol 16.25

m-Cresol 12.90

p-Cresol 14.95
Photocatalytic oxidation of 2,4,6-trichlorophenol UV/0,[TiO, 19.98 [22]
Degradation of formaldehyde UV-Fenton 9.85 [33]
Mineralization of methyldiethanolamine UV/H,0, 14.66 Present work
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Table 5. Comparison of energy efficiency of MDEA mineralization in the present work and MDEA mineralization using ZnO/SnO, coupled photocatalysts

AOP method Experimental

ATOC (ppm) ¢ (gkWh™) References

Zn0O|/SnO, coupled photocatalysts [MDEA], = 1000 ppm
[TOC]o =503.53 ppm

V=0.25L

UV lamp=12W (365nm)

Irradiation time=3h

ATOC at 3 h reaction =22%

UV[H,0,
[TOC]o =1006 ppm
V=04L

[MDEA]0 = 2000 ppm

110.76 0.77 36]

857.4 14.29 Present work

UV lamp =8 W LP Hg lamp (254 nm)

Irradiation time=3h

ATOC at 3 h reaction =85.74%

4 Conclusions

Hydroxyl radical is the important species in the MDEA minerali-
zation. The order of reaction was found to be independent of tempera-
ture. The reaction rate constant of hydroxyl radical oxidation was
nearly constant at oxidation temperature at 20 and 30°C and beyond
which it increases with increasing temperature. Activation energy
of MDEA mineralization by hydroxyl radical was found to be
14.66 kJmol '. The estimated energy efficiency show a better per-
formance of the present process, when compared with the mineral-
ization of MDEA, using ZnO/SnO, coupled with photocatalysts. The
present estimated rate constants and the activation energy for the
MDEA mineralization will be of useful for the design and scale up
of commercial process for the treatment of MDEA present in the
effluent streams.
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