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ABSTRACT: The kinetics of the hydrolysis of Alizarin dye (ALZ) in the basic medium is investigated
for the purpose of wastewater treatment. ALZ represents a group of aromatic dyes, that are heavy,
toxic, and non-biodegradable. The kinetics of the reaction was followed by UV-Vis spectrophotometry
and ab-initio computational methods. The effects of initial concentration, ionic strength, and
temperature were studied. The kinetic salt effect (ionic strength) demonstrated that OH" is part
of the rate-determining step of the reaction. Unlike common reactions, anti-Arrhenius behavior
was observed within the temperature range of 25-50°C. Therefore, the apparent activation energy
was determined to be -23.91 kcal/mol. Using theoretical quantum calculations, the reaction under
study was investigated using the density functionals B3LYP and B97D3, and final energies were obtained
using the 2nq order Moller—Plesset (MP2) theory. A complex reaction mechanism is suggested that
involves the formation of an intermediate that combines the ALZ anion and water molecule attached
by H-bonding. The mechanism accounted for the anti-Arrhenius behavior and the negative E..
The standard reaction enthalpy (4H2gs) obtained using the B97D3 Grimme’s functional was within
the range of the experimental E, value.
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INTRODUCTION

Freshwater resources are threatened by various human
activities as well as climate changes [1,2]. Organic
pollutants, such as synthetic dyes, pharmaceuticals, and
industrial by-products, are major threats to freshwater.
Such pollutants are harmful to human life and other living
organisms. Therefore, there are continuing efforts
to treat and reuse wastewater for irrigation and drinking
purposes. Currently, there are even voices calling for
a Zero Liquid Discharge (ZLD) management strategy

for wastewater [3], which would not allow for any
pollutants to be present in industrial effluents.

Organic dyes are one major component of wastewater
contamination [4-8]. Driven by their current gigantic scale
of production worldwide, dyes are responsible for one-fifth of
the world’s total water pollution, according to the World
Bank [5]. Regrettably, industrial dye effluents are rich
in hazardous chemicals, such as organic and inorganic
acids, salts, coasting soda, phenols, and sulphates [9,10].
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Scheme 1: Alizarin reaction with OH- to form alizarin anion (1).

Several technologies are currently used in wastewater
treatment plants to remove organic dyes. Depending on the
nature and concentration of the pollutant, filtration,
coagulation-flocculation, ion exchange, electrochemical
treatment, advanced oxidation, or adsorption can be used.
Among these technologies, adsorptive removal of dyes
remains the simplest, most affordable, and most effective
technology [4,8,11-17]. Undoubtedly, the success of
wastewater treatment technology relies on a good balance
between experimental investigation and a deep understanding
of the adsorption mechanism and kinetics at the molecular
level.

Recently, the removal of alizarin (ALZ) dye from
an aqueous medium was investigated by our group [4]. ALZ,
shown below, is reported to be very toxic, and because of
its complex structure, it is non-biodegradable in an
aqueous water environment [18]. Complete removal of the
dye was achieved using y-Fe,O3 nanoparticles as adsorbent
within a short period. The adsorption was pH-dependent,
and maximum removal was obtained at pH = 11. Also,
the adsorption followed a Langmuir behavior, indicating
a homogenous surface coverage. In addition, a
thermodynamic investigation showed that the adsorption
is exothermic (AH® = -27.8 kJ/mol) and spontaneous at
room temperature (AG® = -6.8 kJ/mol) [4]. In order to
explain the experimental findings of the ALZ adsorption
on the y-Fe;Os NP surface, a sorption mechanism
was suggested. As described elsewhere [4], the mechanism
is initiated by the deportation of ALZ to form the alizarin
anion (1), as depicted in Scheme 1.

The first deprotonation step to form anion () takes
place in the acidic region (pKa; = 5.3), followed by one
further deprotonation from the other OH group at a higher
pH (pKaz = 11.5) [19]. Both anion (I) and the other dianion
formed at higher pH can then interact rapidly with
the Fe,Os surface via hydrogen bonds [19]. In this work,
we aim to investigate this mechanism further for the sake
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of comprehending and optimizing the conditions
for ALZ’s and similar dyes’ adsorption on metal
surfaces.

In this study, the kinetics of the hydrolysis of ALZ
in the presence of OH~ was investigated experimentally.
The reaction was followed by recording the absorbance
of the reaction mixture in a UV-Vis spectrophotometer
as a function of time. The method of initial rates was used
to deduce the reaction order and the rates of the reaction
under different conditions. Strangely enough, the apparent
activation energy obtained during this experiment was found
to be negative, indicating anti-Arrhenius behavior [20,21].
It is known that negative activation energies suggest
a complex mechanism [20,22]. Such energies were recorded
in many bimolecular reactions, especially those involving
OH-° radicals [23-25].

To account for this new finding, we performed
ab-initio quantum theoretical calculations that aim to locate
any possible transition state for the ALZ + OH-— ALZ + H,O
reaction, from which, an E, can be estimated. The theoretical
study implemented both Density Functional Theory (DFT) and
second-order  Mgller—Plesset  perturbation  theory  (MP2)
calculations.

EXPERIMENTAL SECTION
Materials

All chemicals including Alizarin dye (99.5% pure),
NaOH (99% pure), and KCI (99% pure) were purchased
from Sigma-Aldrich Corporation, USA, and were used as
received without further purifications. Kinetic experiments
Shimadzu UV-1800) coupled to a temperature controller
(Fried electric device WBH-060N). Sample weighing
was done using an MRC analytical balance (ASB-310-C2-V2).
Ultrasonic bath sonicator (model LUC-405) was used
to prepare the ALZ solutions. For the temperature study,
all solutions were thermostated at the specific temperature
for 30 min. prior to each kinetic run.
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Kinetics experiments

2.00 x 10> M Alizarin stock solution was prepared by
dissolving 4.80 mg ALZ (240.21g/mol) in 1000 mL
distilled water and sonicated the mixture for 60 min. 0.1 M
NaOH and 1.0 M KCI solutions were prepared on daily
basis from their pure powders and kept covered and sealed
in dark containers.

Prior to each experiment, the UV-Vis instrument was
zeroed using distilled water. For a typical Kinetics
experiment, a clean 4.0 mL UV-Vis glass cuvette
was filled by 2.5 mL of the 2.00 x 10° M dye solution.
Then, 0.5 mL of 0.1 M NaOH was injected into the cell
using a micropipette. Immediately after the injection,
the solution absorbance was recorded at a constant
wavelength of  560.0 nm which corresponds to Amax Of
ALZ, up to 120 min. In order to establish the reaction order
using the method of initial rates, further Kinetics
experiments were done by changing the volume ratio of
ALZ and OH- but keeping the total volume at 3.0 mL.
Each Kinetic run was repeated three times. The data
were then analyzed using Origin [26].

Determination of kinetics parameters
The reaction under study can be expressed as:

ALZ+OH™ — ALZ +H,O 1)

Hydrolysis of organic dyes in the basic medium can be expressed
by a reaction mechanism composed of a) rapid equilibrium
with a reaction intermediate and b) slow decompaction
into the final product/s [21,27-29]:

==c_t! 0

A+B~—"——C—2>P
-1

For the sake of this study, the following mechanism
is considered:

k
ALZ + OH® ——~

k
ary 22 o ALZ®+ 1,0
k_; slow (3)

where (1I) is a reaction intermediate whose structure
is to be discussed later in this paper.

Since the last step is the rate-determining one, the rate
law is given by:

Rate:kz[ll’} 4)

If the steady-state rate of change of intermediate Il
does not change over the course of the experiment:
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= k][ALZ][OH’}f(kfl +k2)[|r}:o

Applying the steady-state approximation:
K, [ALZ][OH’} = (k_, + kz)[ll’}

k,[ALZ][OH ]

(s ®)

(k_, +k,)
By substituting Eqg. (5) in (4):
kik, [ALZ][OH ]

Rate = (6)
(k_; +k,)

-1

This equation can be simplified into:
Rate = k, [ALZ][OH | (7

. k. Kk
Where the reduced rate is constant k, = ——2—

(k_, +k,)
By using an excess concentration of OH-, the equation

becomes:
Rate = k [ALZ] 8

where the apparent pseudo-first-order rate constant
k' = k. [OH™].

In this work, the method of initial rates [20,22]
was used to verify the first-order kinetics of Reaction (8).
The initial rate of the disappearance of ALZ can be
obtained from a plot of the absorbance vs. time, followed
by a least-square linear fitting of the first part of the plot,
as illustrated in Fig. 1 [22,30]. This is based on the fact that
the dye absorbance is in direct relationship to its
concentration according to Beer-Lambert law [31].

Therefore, the reaction order can be obtained by taking
the logarithms of each side of Eq. (8), giving:

log (rate) = log (k') + mlog[ALZ] 9)
where (m) is the order of the reaction in respect to ALZ.
Thus, a plot of log (rate) vs. log [ALZ] should provide

a straight line with slope equals the order (m), and intercept
equals log (k').
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Theoretical calculations

The ab-initio calculations used in this work were
explained in detail elsewhere [32-34]. Briefly, ALZ, its
anion, and all other species were first optimized at
B3LYP/6-31+G(d,p) level of theory, followed by
frequency calculation at the same level. Zero-Point
Energies (ZPE) were used without any scaling. In order to
obtain better energies, the 2" order Mpgller—Plesset
perturbation theory (MP2) was used with the
6-311+G(d,p) basis set. Because the reaction of interest
takes place in an aqueous medium, the B97D3 density
functional suggested by Grimme, which includes solution
dispersion, was also tested with the same 6-31+G(d,p)
basis set [35]. Water was added to the calculations
by specifying the (solvent=water) in the SCRF keyword
in Gaussian. The level of theories used in this work proved
to give good results for similar systems [32,34,36].

Enthalpies at zero kelvin (Ho) were calculated by
adding the single point (SP) energy obtained at MP2/6-
311+G(d,p) level of theory to the ZPE obtained at either
B3LYP or B97D3 levels. The enthalpies 298K (AH2g9g) and
Gibbs free energies (AGag) Were determined by adding
either the enthalpy correction (Hcorr) or Gibbs free energy
correction (Geor.) t0 Ho. The entropies of activation (ASY)
was calculated using:

AG - AH
T

AS (10)
All calculations were done using Gaussian 16 [37] and
viewed by Gaussview [38].

RESULTS AND DISCUSSION
Kinetics experiments

The UV-Vis spectrum of the ALZ dye used in this
study exhibits a maximum of 567.5 nm. Therefore,
the kinetics study was performed at this Amax. The Kinetics
experiments were performed by filling the UV-Vis
cuvette with a fixed amount of 2.00 x 105 M ALZ dye,
followed by the injection of 0.1 M NaOH, and recording
the absorbance of the reaction mixture with time.
Excess concentration of NaOH was used to eliminate its
effect on the rate. Therefore, the rate of the reaction
depends only on the dye concentration. Fig. 2 shows
a representative kinetic run with 2.0 mL of ALZ dye and
1.0 mL of the base at room temperature. As explained
in the experimental section, the initial rate of the
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Fig. 1: Determination of the initial rate of the disappearance of
ALZ from an absorbance vs. time plot.

0.12
.10
0.08 y = -6.4993X10°x + 0.1008
» R = 0.9934
ke
< 006
004 \M’\,\I\V\"“”’M
0.02 4 ’

0 1000 2000 3000 4000 5000 6000 7000 8000
Time (s)

Fig. 2: The UV-Vis kinetics of the hydrolysis of ALZ in the basic
medium at 25°C. 2.0 mL of 2.00 x 10 M ALZ and 1.0 mL of
0.1 M NaOH.

the disappearance of ALZ can be obtained by fitting
the first part of the abs. vs. time graph to a least-square
linear relationship. As shown in Fig. 2, the initial rate of
this experimental run equals the negative value of the slope
(6.499%10°5 M/s).

The order of Reaction (8) can be verified by
the method of initial rates. Further rates were obtained
at different concentrations of ALZ by changing
the ALZ/OH- volume ratio but keeping the total
reaction volume at 3.0 mL. A complete summary
of the kinetic experiments at 25°C are shown in Table 1,
where the standard deviation for the logarithmic values
of the rate was calculated according to the following
relationship [31]:

STDx

For y=logx = STD, =0.434 (11)

X
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Table 1: Summary of the kinetic experiments for reaction (8) at 25°C.

é [ALZ)/mol.L* 0.0012 0.0006 0.0004 0.0003 000024 )
log [ALZ] 2,92 -3.22 3.4 -3.52 -3.62
Trial 1 1.12x10° 2.07x10° 2.83x10° 3.03x10° 1.82x10°
Initial Rate/M s Trial 2 8.57x10° 8.91x10° 4.60x10° 3.63x10° 5.35x10°
Trial 3 2.60x10° 1.10x10° 3.50x10° 5.43x107 6.47x107
Trial 1 -4.95 -5.68 -5.55 -5.52 5.74
log (initial rate) Trial 2 -4.07 -4.05 -5.34 -5.44 -5.27
Trial 3 -5.59 -5.96 -5.46 -6.27 -6.19
Ave. (initial rate)/M s 3.3167x10° 3.0757x10% 3.6433x10° 2.4010x10° 2.6057x10°
STD (initial rate) 4.5698x10 5.0529x10° 8.9366x107 1.6368x10° 2.4480x10°
Ave. log (initial rate) -4.87 -5.23 -5.45 -5.74 -5.73
STD log (initial rate) 0.60 0.71 0.11 0.30 0.41
J
Recall that value of k'= k; [OH7]. Thus, for a
-4.0 - .
concentration of 0.1 M of OH-, the bimolecular rate
o 45 constant k, is estimated at 1.71 M s, This value reflects
s 501 P the high speed of the hydrolysis of Alizarin in the basic
£ e medium.
E 551 =
= -
= 504 % Effect of temperature
y= 1;8330-2;3;’;662 The effect of temperature on the rate of reaction (8) was
651 studied in the range of 25-50° C at 5°C intervals. The study
-37 -36 -35 -34 -33 -32 -31 -30 -29 was done using a fixed concentration of the dye (2.00 x 10° M)

log [ALZ]

Fig. 3: Determination of the order of reaction (8) at 25°C
by the method of initial rates. [OH"] = 0.1 M.

Fig. 3 shows the linear relationship between log (initial
rate) vs. log [ALZ]. The error bars in the graph represent
the standard deviation obtained from three kinetics trials.
By applying Eq. (9), the order of reaction (8) should equal
the slope of the graph, which is equal to 1.3823. This value
is close to unity, which is what is expected from
the assumption of this study, by keeping [OH] in excess,
leaving a pseudo-first-order reaction in respect to [ALZ].

The apparent pseudo-first-order rate constant of this
reaction can also be determined from the intercept of
Fig. 3according to Eq. (9). This gives a value of k'=0.1713
st and the rate law for the reaction (8) is now:

Rate = 0.1713[ALZ] 7 (12)
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and NaOH (0.1 M). Each experiment was repeated three
times in order to obtain accurate results. The initial rates
and the pseudo-first-order rate constants (k7)) were
determined as explained earlier and using the pre-
determined value of the reaction order of 1.3823. The
results of this study are tabulated in Table 2. The standard
deviation for the natural logarithm of In £’ was calculated
according to the following equation [31]:

STDx

For y=Inx = STD, - (13)

X

Fig. 4 shows an Arrhenius plot for In £’ vs. 1/T (in units
of K1) for the data obtained in this work. The data fit well
to linear regression with R2 close to unity (0.9968).
Strangely, the graph shows an anti-Arrhenius behavior
with a positive slope (+12032.94 K). This infers that
the apparent activation energy for Reaction (8) under our
experimental conditions is negative. Using the value of
the slope and the universal gas constant (R), Ea can be determined
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Table 2. Effect of temperature on the rate of reaction (1) at constant ALZ concentration of 2.0 x 10 M) and 0.1 M NaOH.

/ Trial 1 Trial 2 Trial 3 \
sl £ T 3 ~ | . 3 ~ | . 3 ~ | . | gk
= -t < s 2 | ¥ S | % 5 &) Tl &<
g £ £ x ~ = x ~ = x ~ = X o
(= [ = S £ S = Z

£ £ £
25 298.15 | 3.35x10° | 1.186x10° | 37.102 | 3.614 | 1.201x10° | 37.584 | 3.627 | 1543x10° | 48.275 3.877 3.706 | 0.040
30 303.15 | 3.30x10° | 8.794x10° | 27.516 | 3.315 | 7.193x10° | 22.507 | 3.114 | 4513x10° | 14.121 2.648 | 3.025 | 0.113
35 308.15 | 3.25x10° | 3.321x10° | 10.390 | 2.341 | 8485x10° | 26.550 | 3.279 | 2542x10° | 7.952 2.073 | 2.564 | 0.247
40 313.15 | 3.19x10° | 1.627x10° | 5.091 1.627 | 1.844x10% | 5771 1.753 | 1.799x10° | 5.630 1.728 1.703 | 0.039
45 318.15 | 3.14x10° | 1.089x10° 3.408 1.226 | 1.173x10° 3.670 1.300 | 1.030x10° 3.223 1.170 1.232 | 0.053
QO 323.15 | 3.09x10° | 3587x107 1.122 0.115 | 7.740x107 2.422 0.884 | 7.504x107 2.348 0.854 0.618 0.79

to be -100.04 kJ/mol (i.e., -23.91 kcal/mol). Negative E,
values are not very common in the chemical literature.
However, they were observed for some reactions, particularly
those involving OH* radicals [23-25,39]. For instance,
in a theoretical study to study OH addition to ethenes, E, values
were determined to be in the range of +3.37 to -4.45 kcal/mol,
depending on substituted ethene structure [39]. In the case of
the addition of OH to toluene, Suh et al., have calculated the
E. value at a different level of theories and found them
to be in the range of -1.5 to — 3.5 kcal/mol, depending
on the position of attack on the toluene and the basis set used.
The high magnitude of the E, for ALZ + OH~ determined
in our work compared to those of OH radicals’ additions is
an indication of the speed of the hydroxide addition to ALZ,
and phenols in general.

In their 2013 paper, Revell and Williamson provided
an interpretation for reactions involving negative
activation energy [21]. Since an elementary step should
proceed (by definition) in a single step, with “an inherently
positive activation energy” [21], the authors suggested that
anti-Arrhenius reaction should have a complex mechanism
involving a rapid equilibrium with an intermediate C,
before forming the final product/s, as discussed earlier by
Eg. (2). According to the authors, the apparent activation
energy is related to enthalpies of steps 1 and 2 as per the
following relationship [21]:
E,=E, +AH, (14)
where AH; is the enthalpy change between the reactant
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pair (A+B) and the intermediate C, and E; is the activation
barrier between C and P.

Later in this paper, an interpretation for the negative Ex
value obtained in this work will be provided based on our
ab-initio calculations. The theoretical study also reveals
the formation of the proposed intermediate C.

Effect of ionic strength

The ionic strength of the solution does not only affect
the rate of ion-containing reactions but also can reveal
valuable information on the nature of the ions involved.
According to the model presented by Bronsted and
Bjerrum, the rate of an ionic reaction depends on the ionic
strength as per the following expression [40,27]:

Iogk:Iogk0+2AZAZB\/I_ (15)

Where ko is the rate constant at infinite dilution, | is
the ionic strength of the solution, Za, and Zg are the ion
charges, and A is a constant that equals 0.51 mol* dm?%?
at 25 C° According to this expression, better known as
the ‘kinetic salt effect’, increasing the ionic strength
increases the rate constant for reactions between ions of
the same charge, and decreases the rate constant for those
having opposite charges [40,27]. Thus, for the sake of this
study, studying this effect can reveal if OH" is truly part of
the rate-determining step of the hydrolysis of Alizarin dye.

We investigated the effect of ionic strength on the
reaction by carrying out kinetic experiments with five
different concentrations of aqueous KCI. Table 3
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Table 3. Effect of the ionic strength on the rate of ALZ hydrolysis at constant ALZ concentration of 2.0 x 105 M)

and 0.1 M NaOH.

Trial 1 Trial 2 Trial 3 ‘\\
g — - - —~
= k% KL o @ ~
> 2 - 3 - - 3 < > a
S - - - - S -
7 = K = S = X S = = S X =
o ~ = = = o)) X
'S = £ = h=]
°
0.000 0.000 8.543x10° 267.295 | 2.427 | 5.450x10° | 170.523 | 2.232 | 3.571x10° 111.744 2.048 2.236 0.037
0.125 0.354 4.533x10° 141.841 | 2.152 | 2.517x10° 78.744 1.896 | 1.817x10° 56.842 1.755 1.934 0.045
0.250 0.500 6.767x10° 21.172 1.326 | 2.917x10° 91.259 1.960 | 2.417x10° 75.615 1.879 1.722 0.087
0.375 0.612 9.167x10® 28.681 1.458 | 1.450x10° 45.368 1.657 | 2.717x10° 85.002 1.929 1.681 0.061
QSOO 0.707 3.905x10 12.218 1.087 | 4.833x10° 15.123 1.180 | 2.250%x10° 70.399 1.848 1371 0.131/
4.0 2.4
3.5 / NS
3.0 /i/ T~
~
2.5+ % 2.0 ~3
X 2.0 N S
= ] = 1.8 ~
- 1.54 = TK\ID
104 164 -
0.5 y =12082.94.x - 36.865 1.4 y = -0.9697x - 2.2455
R? = 0.9968 R? = 0.9606
0.04
1.24
-0.5 T T T T T T T T
0.0031 0.0032 0.0033 0.0034 01 00 01 02 03 04 05 06 07 08
UT K? 172 (M)

Fig. 4: Arrhenius plot for the hydrolysis of ALZ at a fixed
concentration of the dye (2.0 x 10> M) and 0.1 M NaOH.

summarizes the results of this part of the study. The
standard deviation for log £’ presented in the table was
calculated according to Eq. (11). Fig. 5 shows a plot of log
k’ vs. the square root of | for five experiments that differ
only in the concentration of KCl at 25°C. The error bars in
the figure represent the standard deviation of three trials.
The data follows a linear regression function with a slope
=-0.9697 (R% = 0.9606). This result reveals that one of the
ions involved in the Rate-Determining Step (RDS) of the
reaction mechanism must be single negatively charged.
Thus, we conclude that OH~is indeed part of the RDS.

Interpretation of the experimental results based on ab-initio
calculations

In the previous sections, the kinetics for the hydrolysis of
ALZ dye in a basic medium was studied. The oddest
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Fig. 5: Effect of the ionic strength on the rate of ALZ
hydrolysis. [ALZ] = 2.0 x 105 M, [NaOH] = 0.1 M. T = 25°C.

observation was the negative E, for the reaction, obtained under
the conditions of the study. Also, the effect of the ionic strength
on the reaction rate revealed that OH-must be part of the RDS
of the reaction mechanism. In order to comprehend the nature
of this reaction, we carried out ab-initio calculations on ALZ
hydrolysis as explained earlier in the theoretical section.

Fig. 6 shows the optimized structures of the ALZ
molecule and its anion, named (I), formed upon an
abstraction of one portion from ALZ by OH" at B3LYP/6-
31+G(d,p) level of theory. We attempted to locate
a transition state for the first step of this reaction using
different basis sets. However, all these attempts have
failed. The calculations, though, revealed the formation of
an intermediate, named (lII), shown also in Fig. 6. This
intermediate combines the products ALZ anion (I) and
H>O molecule attached by hydrogen bonding.
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/ a) ALZ structure \

Fig. 6: Optimized structures for a) ALZ dye molecule, b) ALZ
anion (I), and c) ALZ-OH- intermediate (I11), obtained at
B3LYP/6-31+G(d,p) level of theory. C atom, grey; O atom, red.

In order to confirm the nonexistence of the transition
state for the reaction, we explored the potential energy
surface for this reaction by scanning the distance between
OH- and the phenolic proton in ALZ at 0.1A for 30 steps.
The Potential Energy Scan (PES), obtained at B3LYP/6-
31+G(d,p) /6-31+G(d,p) level of theory, is shown in
Fig. 7. Itis evident that the addition of OH"to ALZ proceed
smoothly from right to left in the figure without passing
any maxima that ‘might” correspond to a transition state.
In order to confirm this finding, we repeated the
calculations using the B97D3 density functional suggested
by Grimme [35]. Since the hydrolysis of ALZ by OH" takes
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place in an aqueous solution, using this function proved to
provide better results in similar cases [36,41,42]. Under
B97D3/6-31+G(d,p) /6-31+G(d,p) level of theory, a
similar PES to Fig. 7 was obtained, confirming no TS
exists at this level.

Based on the above results, we propose that Reaction (1)
proceeds as follows; the hydroxide anion first approaches
the ALZ molecule forming strong H-bonding with the
phenolic protons, as seen to the right of Fig. 7. The reaction
then continues with no energy barrier forming
intermediate 1l, followed by the slow decomposition
of Il into anion I and water. This mechanism is in concert
with that of Eq. (3).

The relative energies of intermediate 11, and the final
product (I and H20) to those of ALZ are shown in Table 4.
The energies were calculated as described earlier in the
theoretical part. For the purpose of obtaining accurate
energies, the single point energies of all species involved
in the table were computed at MP2/6-311+G(d,p) level,
after successful optimization at either B3LYP or B97D3
levels. The thermodynamic parameters, enthalpy (AHzgs),
and Gibbs free energy at 298K (AGggg), and entropy
(AS298) were calculated as described in the theoretical
section and Eg. (10).

An energy level diagram, summarizing the theoretical
results obtained in this work is shown in Fig. 8. The graph,
which is plotted in terms of free Gibbs energies, shows that
the formation of intermediate Il is highly exergonic
(spontaneous) at room temperature. Once it is formed,
Il can decompose to final products. At MP2/6-
311+G(d,p)//B97D3/6-31+G(d,p) level of theory,
however, Il is more stable than the separated anion | + H,O
pair. Therefore, we expect the products to be in the final
form of intermediate Il in an aqueous solution.

The computational results, illustrated in Fig. 8, show
large differences between the energies obtained at B3LYP
and B97D3 levels. By adding dispersion effects through
the B97D3 functional, the enthalpy (AH2gs) of the first step
has dropped from -85.6 to -40.3 kcal/mol. A similar
correlation is observed for the second step. In addition,
the theoretical AH.gg values for the 1%t step (-40.3 kcal/mol)
and for the 2nd step (-34.5 kcal/mol) obtained at B97D3
level are within the range of the experimental E, value
(-23.9 kcal/mol). According to Eq. (14), the apparent E,
can be assumed to be the sum of AH; and E,, where the latter
is the activation barrier for the last step. Since such barrier

1497



Iran. J. Chem. Chem. Eng.

Badran I. & Talie Z.

Vol. 40, No. 5, 2021

Table 4. Relative energy values for reaction (1) calculated at MP2/6-311+G(d,p)//B3LYP/6-31+G(d,p) and
MP2/6-311+G(d,p)//B97D3/6-31+G(d,p) level of theories.

/ ALZ + OH" ALZ - OH" intermediate (I1) ALZ anion (1) + Water \
MP2/6-311+G(d,p)//B3LYP/6-31+G(d,p)
AH, (kcal/mol) 0.0 -85.2 -74.1
AH,gs (kcal/mol) 0.0 -85.6 -74.3
AGggg (kcal/mol) 0.0 -78.5 -74.6
ASyes (cal. K/mol) 0.0 -23.9 0.9
MP2/6-311+G(d,p)//B97D3/6-31+G(d,p)
AH, (kcal/mol) 0.0 -40.0 -34.4
AHagg (kcal/mol) 0.0 -40.3 -34.5
AGas (kcal/mol) 0.0 -33.2 -34.9
\ ASags (cal. K/mol) 0.0 -23.9 1.6 /

Total energy (+574240.45081)(Kcal/Mol)

-1.5 -1 -0.5

Scan coordinate (-4.00000024793)

Fig. 7: Potential energy scan (PES) for the addition of OH" to ALZ obtained at B3LYP/6-31+G(d,p) /6-31+G(d,p) level of theory.

did not exist in our case, it is safe to assume that
the apparent E, is roughly equal to AHi. Consequently,
we conclude that the MP2/6-311+G(d,p)//B97D3/6-
31+G(d,p) calculation level has provided a good
estimation of the negative E, obtained in this work.

CONCLUSIONS

In this work, the hydrolysis of Alizarin dye (ALZ)
in a basic medium was studied. The reaction kinetics
was followed by recording the UV-Vis absorbance of
the reaction mixture upon injecting a dilute solution of
ALZ with an excess amount of NaOH. The initial rates of
the reaction at a different convention of the dye
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were determined from their abs. vs. time plots. Then,
the method of initial rates was used to determine the order
of the reaction, which was found to be close to unity,
in  agreement  with  pseudo-first-order  reaction
approximation. The effect of temperature on the reaction
was studied in the range of 25-50°C. Strangely, the
reaction was found to follow an anti-Arrhenius behavior
with a positive slope. Thus, the apparent activation energy
was found to be -23.91 kcal/mol. A study of the effect of
the ionic strength, using different concentrations of KClI,
on the reaction rate showed a negative slope. This infers that OH-
is involved in the rate-determining step of the reaction.
In order to comprehend these findings, a theoretical study
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Fig. 8: Potential energy level diagram for the hydrolysis of
ALZ at MP2/6-311+G(d,p)//B3LYP/6-31+G(d,p) and MP2/6-
311+G(d,p)//B97D3/6-31+G(d,p) level of theories. Energies
represent relative Gibbs free energies in kcal/mol at 298 K and
1 atm.

Implementing the density functionals B3LYP and B97D3
was performed. Single point energies of the species
involved in the reaction were also computed at a higher
MP2 level in order to obtain better results. The ab-initio
calculations indicated that no transition state exists
for the addition OH™ to ALZ. Also, the study revealed
the formation of a reaction intermediate that combines
ALZ~ anion and water molecule. Thus, a reaction
mechanism is suggested based on Eg. (3). The Gibbs
free energy for step 1, the formation of intermediate II,
was determined to be -33.2 and -78.5 at B97D3 and B3LYP
levels, respectively. Since the B97D3 value is closer
to the experimental E; than that of B3LYP, the Grimme’s
functional proved to better describe aqueous reactions.
Also, the standard reaction enthalpy for the overall
reaction was determined to be —34.5 kcal/mol, which is
in the range of the experimental E, determined in this work.

The importance reinforces our understanding of the
anti-Arrhenius behavior in the hydrolysis of phenolic dyes
in a basic medium. Also, the outcomes of this research
can be used to better optimize the conditions of the
adsorptive removal of those dyes from wastewater resources.
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