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ARTICLE INFO ABSTRACT

Keywords: Acetonitrile wastewater is difficult to treat due to its high salinity and toxicity to microorganisms.
Micro-electro-active carbon fiber coupling In this paper, a micro electro-activated carbon fiber coupled system (ME-ACF) was established to
sydstem . treat simulated acetonitrile wastewater. In the 200 ml system, the concentration of acetonitrile
:c:;)gittlzllle adsorbed by ACF was 91.3 mg/L, while that of acetonitrile adsorbed by ME-ACF was 150.6 mg/L,

and the removal efficiency was increased by 65 % in comparison. The activated carbon fibers
before and after the reaction were subjected to a series of characterization, and it was found that
the SABET decreased from 1393.48 m?/g to 1114.93 m%/g and 900.23 m?/g, respectively, but the
oxygen on the surface of the activated carbon fibers was increased, and the effect of the micro
electrolytic system on the activated carbon fibers was then analyzed. The possible reasons for the
formation of acetic acid contained in the products were also discussed using DFT simulations. The
removal mechanism of acetonitrile by ME-ACF was considered to be electrically enhanced
adsorption and electro-catalytic hydrolysis.

Electro-catalytic hydrolysis
Electro-enhanced adsorption

1. Introduction

Activated carbon fiber has numerous applications in the fields of energy and the environment. It is a porous fibrous material with a
diameter of 5-10 pm and usually takes the form of activated carbon fiber mats in various weaves [1]. Activated carbon fibers are
favored due to their high specific surface area and numerous micropores, resulting in faster adsorption rates and ease of desorption.

Initially, activated carbon fibers were produced from petroleum products [2], resulting in considerable energy consumption and
the inadvertent generation of environmentally unfriendly substances. The utilization of phenolic resins [3], PAN [4], and even natural
plant fibers like betel nut [5], cotton [6], and bamboo fibers [7], subsequently improved the production process of ACF. Consequently,
there was a significant increase in the specific surface area of the activated carbon fibers, resulting in excellent results in the purifi-
cation of pollutants and energy storage applications [8-11].

Activated carbon fibers are extensively utilized in the environmental sector for the elimination of organic matter or metallic el-
ements from water. The recent studies have made significant advancements in the development of activated carbon fibers. A variety of
activators are used to alter the surface morphology or functional groups of activated carbon fibers for improved adsorption [12,13].
Activated carbon is employed as a substrate for the attachment of organic polymers for modification or catalysts. For instance, chitosan
was affixed to activated carbon fibers to improve the capture of Pb-EDTA [14], while CuFe204 was attached to the surface of activated
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carbon to boost oxidative degradation of phenol [15],and titanium dioxide was attached to activated carbon fibers for toluene
degradation [16]. Certain potentials were deployed to enhance the adsorption capacity of activated carbon fibers. For example,
alginate-activated carbon was treated with a certain potential to tackle phenol wastewater [17]. Recent studies have mainly focused on
aeration biofilm as a means of acetonitrile wastewater treatment, while the literature on activated carbon adsorption is limited
[18-21].

As early as 2008 Cai et al. [22] conducted adsorption experiments using commercial activated carbon as well as two types of
commercial activated carbon fibers and the result was that the activated carbon fibers were more effective, but no explanation was
given for this other than the higher specific surface area of the activated carbon. Regarding the electro sorption of organic substances,
K.Y. Foo et al. [23] gave a summary that the adsorption performance depends on the surface functional groups as well as the magnitude
of the polarity of the substance. Later, Sylwester Furmaniak et al. [24] verified and concluded that changing the polarity of functional
groups is more effective in adsorbing the target substance than increasing the porosity. Urita et al. [25] compared the adsorption of
acetonitrile and water on activated carbon fibers under a certain pressure and concluded that pore adsorption and binding of
oxygen-containing functional groups are simultaneous processes in adsorption of acetonitrile on activated carbon. Zhou et al. [26]
proposed a method for the removal of polar organic matter from water by electrodeposition activated carbon and provided some
experimental basis for the regeneration of activated carbon fibers.

In this study, activated carbon fiber mats were affixed onto platinum sheets to induce a consistent potential and enhance the
adsorption capability of activated carbon. Acetonitrile, known to be a Lewis base, can be captured more effectively through oxidation
of activated carbon in the presence of an electric current. This results in an increase in the proportion of surface functional groups
containing oxygen, which in turn bonds with acetonitrile. The ME-ACF system employed in this study therefore demonstrates superior
performance compared to ACF. The reason we use platinum as an electrode is that acetonitrile is able to undergo a hydrolysis reaction
on the surface of the platinum electrode., the reason for this will be given later.

2. Materials and methods
2.1. Materials

Acetonitrile (HPLC), activated carbon fiber, Pt electrode, saturated calomel electrode, deionized water, electrolytic cell , acetyl
acetamide, hexane sulfonic acid et al.

Before use, the activated carbon fibers are soaked and shaken in deionized water for 4 h, rinsed repeatedly and finally dried in a
vacuum oven at 120 °C for up to 12 h.

2.2. Physical characterization and gas sorption measurement of ACFs

The specific surface area was determined using an automated physical adsorbent apparatus (ASAP 2460) and BET calculations, and
the micropore volume was evaluated. The surface morphology of ACF at different scales was observed using a field emission scanning
electron microscope (S-4800). X-ray diffraction (XRD) patterns of ACF were obtained using an X-ray diffractometer (ARL X'TRA
Companion) with Cu KR as the radiation source. Raman spectra were obtained using a Raman spectrometer (Lab RAM HR Evolution)
with a 532 nm excitation laser. X-ray photoelectron spectroscopy (XPS) was determined using a K-Alpha + photoelectron spectrometer
(Thermo) to determine the amount of elemental C, N, O on the surface of ACF before and after the reaction, and thus to infer the
changes in the functional groups on the surface of ACF before and after the reaction.

2.3. Adsorption performance evaluation

0.1g of samples were added to a reactor containing 200 mL of a 200 mg/L acetonitrile solution. The mixture was shaken in a water
bath shaker at 300 rpm for 30 min. The concentration of acetonitrile was determined by GC (Agilent 7890A) after filtering through a
0.45 pm filter. The acetonitrile adsorption capacity was calculated using the following equation:

q=((Co-C) x V)/m (Formula 1)

where q is the adsorption capacity (mg/g), Co and C represent the initial and final acetonitrile concentrations (mg/L), V (L) represents
the volume of the acetonitrile solution, and m represents the mass of the adsorbent (g).

2.4. ME-ACF and ACF adsorption experiment

ME-ACF: Platinum electrodes (2 x 2 x 0.2 cm) of anode and cathode were uniformly wrapped with 0.2 g of activated carbon fiber
and fixed with electrode clips. Next, the electrodes were placed in a solution containing 200 mg/L acetonitrile and 10 g/L sodium
sulfate, and a constant voltage of —900 V was applied for 48 h. The residual acetonitrile concentration in the water was measured at
regular intervals during this period.

ACF: The platinum electrodes (2 x 2 x 0.2 cm) of the anode and cathode were uniformly wrapped with 0.2 g of activated carbon
fiber and fixed with electrode clips. Next, the electrodes were placed in a solution containing 200 mg/L acetonitrile and 10 g/L sodium
sulfate for 48 h. During this period, the concentration of acetonitrile remaining in the water was measured regularly.
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The above data were summarized, and adsorption isotherms were fitted.

2.5. Cyclic voltammetry

A platinum electrode was used as the working and auxiliary electrodes, and a saturated calomel electrode was used as the reference
electrode to determine the cyclic voltammetry curve of 200 mg/L of electrolyte-containing acetonitrile solution. The voltage range was
set at —1.0V-1.0V, the scan speed was 10 mV/s, and the sample interval was 1 mV. The scanning segment was scanned twice in the
positive electrode direction.

2.6. Electrochemical experiments and determination of related products

Single and double chamber electrolytic cells were set up and electrochemical experiments were performed at —900 mV and 600 mV
(vs. SCE), 30 + 0.5 °C, stirring solution speed of 300 r/min, with platinum sheets as cathode and anode, and solutions containing 200
mg/L acetonitrile and 10 g/L sodium sulfate, to confirm the formation of acetic acid and to rationally explain it in conjunction with
other characterization means.

The UV spectrophotometric method was used to determine the ammoniacal nitrogen and nitrate nitrogen, the infrared spectrum
and gas chromatography were used to determine the acetonitrile and its degradation products, and the pH was measured using a pH
electrode (PB-10).

In addition, HPLC was used to determine acetyl acetamide by using a C-18 chromatographic column with detection at a wavelength
of 200 nm. The ratio of the flow phase was a mixture of 30 mM phosphate buffer and 5 mM hexane sulfonic acid (HSA) with the pH
adjusted to 2.6 using phosphoric acid. The column temperature was controlled at 35 °C, and the flow rate was 0.35 mL/min [27].

The products were determined using GC-MS to obtain the spectra of acetic acid.

3. Results and discussion

As can be seen from Fig. 1(a-b), ACF has many indentations on the surface, which are overall more uniform, with neat cross sections
and random pore size distribution. The pores of ACF-Cathode show no significant change, but the fibers of this sample show jagged
cross-sections, and the surface grooves are deepened in comparison to that of ACF, Fig. 1(c-d). Fig. 1(e-f), whereas ACF-Anode showed
more cross sections as well as fiber fragments and wider and deeper notches on the activated carbon fibers.

The BET analysis leads to Table 1. From the table applying constant voltage to ACF, its SABET decreases significantly from 1393.48
m?/g to 1114.93 m?/g or even 900.23 m?/g. N, adsorption analyses were carried out on ACF, ACF-Cathode and ACF-Anode to obtain
the porosity.

As seen in Fig. 2(a—c) the samples all show a sharp increase in N5 absorption in the low-pressure region (P/Py > 0.01), indicating a
high degree of microporosity. In addition, Fig. 2(d-f), there is a trend for all samples to rise between 300 and 400 mmHg, consistent
with a combination of Type I and Type IV(b) adsorption isotherms, and the rise is greater for Sample ACF, so there is a greater
proportion of mesopores in this sample. Samples ACF-Cathode and ACF-Anode in which the proportion of mesopores is less is due to
the oxidation-induced fracture of the activated carbon fibers, which results in a large loss of specific surface area and pore volume. In
addition, the oxidation of the electric current forms a large number of oxygen-containing functional groups on the pore surfaces of the

Smm x1.00k SE(M) SE(M)

Fig. 1. SEM images of (a-b) ACF, (c—d) ACF-Cathode and (e-f) ACF-Anode.
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Table 1

Textural properties of ACF, ACF- Cathode and ACF-Anode derived using N sorption isotherm measured at 77 K.
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Sample SAggT (mz/g) Pore size (nm) Pore volume (cm3/g) @ 0.95(p/po)
ACF 1393.48 1.79, 3.15 0.62

ACF- Cathode 1114.92 1.77 , 3.01 0.49

ACF- Anode 900.23 1.76 , 2.89 0.40
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Fig. 2. N, sorption study; (a—c) pore size distribution and (d-f) N5 isotherms of ACF, ACF-Cathode and ACF-Anode.

internal pores of the activated carbon, which adsorb on the inner surface of the pores, resulting in the narrowing of the pores, and
therefore the reduction of the specific surface area and pore volume. At the same time, the appearance of some sections also led to the
formation of a small number of micropores inside the activated carbon. An increase in pore volume was also observed at a P/P0 of 0.95,
with corresponding values of 0.40 cc/g, 0.49 cc/g and 0.62 cc/g for the samples.

—ACF
—— ACF-Cathode|

—— ACF-Anode

Intensity (a.u.)

500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™)

Fig. 3. Raman spectra of ACF, ACF-Cathode and ACF- Anode.
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As shown in the Raman spectra included in Fig. 3, there are obvious D bands and G bands, the D band at 1340 cm™! can be

attributed to the defects and disordered arrangement of the carbon crystals, while the G band at 1580 cm ™! is due to the sp2 stretching
vibration of the C element.

The Ip/Ig values of the three samples in the figure are 0.837, 0.838, and 0.840, respectively, which are used to judge the degree of
ordering. The final results show that the carbon fiber defects in ACF-Anode are slightly smaller than those in ACF, and it is presumed
that there is a partial oxidation fracture of C—=C in it.

The XRD patterns of ACF-Anode and ACF-Cathode were also measured and compared with the XRD patterns of the initial ACF.
Fig. 4 shows that the carbon on the surface of ACF is all amorphous and therefore broad peaks appear at 26 of 23-28° and 41-45°.
Combined with the SEM images and the results of BET, it can be concluded that the amorphous carbon content inside ACF increases
under constant potential, and the associated oxygen-containing functional groups also increase.

The elemental composition and chemical nature of ACF- Cathode and ACF- Anode were analyzed by XPS. The scan shown in Fig. 5
confirms the presence of small amounts of elemental S and Na in the activated carbon, indicating that there is a small amount of sodium
sulfate residue in the activated carbon fibers, therefore washing the sample with water alone is not sufficient to remove the inorganic
salts contained in the sample, and washing with acid should be given due consideration. The elemental composition of ACF is 20.35
(0),73.77(C),5.88(N). The elemental composition of ACF-Cathode is 35.93(0),46.39(C),3.91(N),8.33(Na)5.44(S). The elemental
composition of ACF-Anode is 22.87(0),71.27(C),5.00(N),0.65(Na)0.2(S).

High-resolution C1s XPS spectra indicate that ACF-Cathode consists of four different types of carbon: sp2 C, sp3 C, C-O/C=N, and
pyrolytic acid, 284.8, 285.2, 285.7, and 286.8 eV, respectively, Fig. 5(a). High-resolution XPS spectra of the O1 and N1s indicate that
there are two types of oxygen present in ACF-Anode (C -O; 532.1 eV and C=O0; 533.5 eV), Fig. 5(b), and three types of nitrogen
(pyridine nitrogen; 399.1 eV, pyrrole nitrogen; 400.6 eV and graphite nitrogen; 402.5 eV), Fig. 5 (c).

In addition, from Fig. 5. (d), the C1s of ACF-Anode possesses four different types of carbon, and these carbon peaks are present at
283.86 eV, 284.80 eV, 285.57 eV, and 27.55 eV, which corresponds to sp2C, sp3C, C-O/C=N vs. C=0. The high-resolution XPS
spectra of the O1s show two peaks at 531.24 and 535.32 eV which correspond to sp2C, sp3C, C-O/C=N vs. C=0. The high resolution
XPS spectra of the O1s show two peaks at 531.24 and 535.32 eV which corresponds to sp2C, sp3C, and C=O0. The two peaks at 531.24
and 535.32 eV correspond to C-O and C=O functional groups, see Fig. 5(e). The N1s high-resolution XPS spectra consisted of three
peaks due to the confirmation of the presence of pyridinium nitrogen, pyrrole nitrogen, and graphitic nitrogen observed at 398.39,
399.4, and 400.00 eV, respectively, see Fig. 5(f).

The results showed that the oxygen element in ACF increased significantly after applying a constant voltage, with the higher oxygen
element in ACF-Cathode. It is presumed that the ACF-Cathode adsorbed a large amount of inorganic sulfate, which in turn increased
the percentage of oxygen elements. The oxygen element in ACF-Cathode is mostly increased in the form of C=0/C-0O, which is easier
to be combined with acetonitrile, a Lewis basic substance.

3.1. Kinetics and adsorption isotherm analysis

The adsorption data were fitted as shown in Fig. 6, and from the results of adsorption isotherms, it is clear that the micro electrical
system promotes the adsorption performance of the activated carbon fibers. The Langmuir model fits the data better, and the cor-
relation (R? = 0.87) is clearly higher than that of the Freundlich model R? = 0.80), which suggests that the process of adsorption of
acetonitrile by ME-ACF consists mainly of a monolayer of chemisorption, Fig. 6. (a,b). Specific values for the adsorption simulations
can be found in Table 2. However, the experimental data were not fully consistent with the adsorption mechanism, so it was speculated

——ACF
—— ACF-Cathode

—— ACF-Anode

Intensity(a.u.)

T T T T 1

10 20 30 40 50 60 70
Diffraction angle(20/°)

Fig. 4. XRD patterns of ACF, ACF-Cathode and ACF-Anode.
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Fig. 5. XPS spectra; for ACF-Cathode (a) Cls, (b) Ols and (c) N1s, and for ACF-Anode (d) Cls, (e) Ols and (f) N1s.

that acetonitrile might have undergone a chemical reaction. In addition, the pseudo-first order model well described the adsorption
behavior of acetonitrile by ACF and ME-ACF, Fig. 6 c, but the better adsorption effect of ME-ACF (R? = 0.9738) than that of ACF (R®> =
0.9748) suggested that the action about micro electricity on activated carbon fiber or acetonitrile in ME-ACF might be the rate-limiting
step for acetonitrile adsorption. The pseudo-first order fit showed that the removal efficiency of ME-ACF was consistently higher than
that of activated carbon fiber adsorption alone after 6 h of adsorption. During the first 6 h, the rate of acetonitrile diffusion from the
solution to the adsorbent surface decreased significantly and gradually equilibrated, which can be attributed to the saturation of
acetonitrile adsorption by micropores as well as mesopores in the activated carbon fibers. And the kinetic simulation of this experiment
can be shown by Fig. 6(d).

C,: equilibrium concentration of acetonitrile ( mg/L); Q,: equilibrium adsorption capacity of acetonitrile ( mg/g); Q,, :
maximum unit adsorption capacity of acetonitrile ( mg/g ) ; K.: Langmuir constant; K;: Freundlich constant; 1: adsorption index;

According to the information provided by the manufacturer, activated carbon fibers mainly contains functional groups such as
hydroxyl, carboxyl, and carbonyl. The pH value of AC was measured to be 5.87 + 0.03. The experimental data calculated the
adsorption capacity of this type of AC fiber to be 0.455 mg g~ *.

According to Marc T.M. Koper et al. it is shown that at electrode potentials higher than 0.55 V, adsorbed OH(OH,q) is reversibly
formed on the surface of Pt (1,1,1) (Formula 2) [28].

(Pt + H,O = Pt--OH + H" 4+ ¢") Formula 2
whereas at potentials lower than 0.35 V, hydrogen is adsorbed on the surface of Pt (1,1,1). (Formula 3) [29].
(H;0" 4+ e + Pt = Pt---H + H,0.) Formula 3

As shown in Fig. 7, no significant differences are observed in the cyclic voltammetry (CV) curves between the sodium sulfate
solution (Fig. 7. (a)) and the acetonitrile solution supplemented with sodium sulfate (Fig. 7. (b)). Therefore, we can conclude that there
has been no direct occurrence of oxidation or reduction reactions.

Additionally, the cyclic voltammetry curve obtained from the experiment showed a clear reduction peak at —0.9V. An oxidation
peak exists at —0. 5~0V. This oxidation peak is believed to be generated by the hydrogen desorption process on the platinum electrode
and at 0.3~3V, sulfate resolution occurs on the platinum surface and the cyanide on acetonitrile bonds to the platinum atoms blocking
the other adsorption sites [30]. It is thus demonstrated that the anode can still adsorb a certain amount of acetonitrile when —900 mV is
applied, while the cathode can adsorb sulfate to prevent effects on the adsorbed acetonitrile.

After a certain duration, we observed the formation of minuscule gas bubbles in close proximity to the electrode. Hence, we deduce
that the reaction mentioned below has taken place.

2H,0 + 2¢~ = H, + 20H™ (Formula 4)
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Fig. 6. Adsorption kinetics of Acetonitrile by ME-ACF (a) and ACF (b), Fitting results of pseudo-first order (c), and intraparticle diffusion (d) ki-

netic models.

Table 2
Adsorption isotherm parameters 30 °C.
Adsorption type Langmuir Qe = KiQmCe/(1+Ce) Freundlich Q. = K(C.1/n
Ky Qm R2 K¢ n R2
ME-ACF 0.134 + 0.03 106.57 0.80 31.83 + 3.01 3.3 0.66
ACF 0.24 £ 0.05 64.34 0.87 19.04 +1.08 2.5 0.75

It is well known that acetonitrile contains a methyl group and a cyano group, Fig. 8, in which the cyano group belongs to the
nucleophilic group, so acetonitrile is more easily adsorbed by the anode. Therefore, after acetonitrile was adsorbed onto the surface of
the platinum electrode under the condition of constant —900mV, the ions generated by the ionization of water on the electrode surface
were occupied by acetonitrile at the adsorption sites on the electrode surface, and thus desorbed to release hydrogen and hydroxyl.
Under the catalytic effect of the two, acetonitrile is gradually hydrolyzed and detached from the electrode surface, Fig. 9. The empty
adsorption sites will be occupied again by the ionization products of water molecules or acetonitrile. Since OH (OHad) is mainly
adsorbed on the electrode surface and more hydroxide is desorbed when the potential is greater than 0.55 V, the hydroxide catalyzed
acetonitrile hydrolysis occupies the main part, so the hydroxide catalyzed acetonitrile hydrolysis process was simulated using DFT.

The products after the single-chamber reactor experiment were analyzed using the Nessler reagent spectrophotometric method,
which showed that applying microcurrents can increase the ammonia-nitrogen content in the solution. The pH values were measured,
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Fig. 7. Voltammetry curves of sodium sulfate (a) and acetonitrile (b).

Fig. 8. Mulliken charge distribution map of acetonitrile.

and the results are as follows: pH was 6.92 at 0 h, 6.02 at 12 h, 5.46 at 24 h, and 5.43 at 48 h. The pH gradually decreased during the
entire reaction process, suggesting the generation of acidic substances. The pH change was most evident in the first 24 h and then
remained relatively constant. Gas chromatography measurements revealed trace amounts of acetic acid in the product, as well as a
greater decrease in acetonitrile concentration than in the control group. In the two-chamber cell, when a constant current of 600 mV
was applied, the concentration of acetonitrile in the chamber with the auxiliary electrode was lower than that in the chamber with the
working electrode. When a constant current of —900mV was applied, the concentration of acetonitrile in the chamber with the working
electrode decreased even further. The electrode pH values measured are presented in Table 3.

The pH value changed rapidly within the first 24 h and remained stable thereafter. Since there is a cation-exchange membrane
between the two chambers, the difference in pH values between the two chambers is not significant. According to the ultraviolet
spectrophotometric method, the concentrations of ammonia nitrogen and nitrate nitrogen in reactor A and B are shown in the table
below.

From Table 4, it can be seen that the concentration of ammonia nitrogen at the working electrode is lower than that at the auxiliary
electrode, while the concentration of nitrate nitrogen is the opposite. Therefore, it is speculated that ammonia nitrogen is adsorbed by
the auxiliary electrode and then oxidized to nitrate nitrogen.

3.2. Calculation explanation

These structures of reactants, products and reaction intermediates were optimized under the framework of density of functional
theory (DFT) with B3LYP functional [31] and 6-31++G (d,p) [32] basis set. The transition states of all possible reaction routes were
also searched using the same functional and basis set. The vibrational frequency analysis was carried out for the optimized structure
with the same calculation method. In order to describe the solvation effect of water, the SMD (Solvation Model Based on Density) [33]
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Fig. 9. Schematic diagram of the electrocatalytic hydrolysis of acetonitrile on the electrode surface.

Table 3
Electrode pH under —900 mV conditions in a double-cell electrolysis cell.
Reaction time Working electrode pH Auxiliary electrode pH
0 6.43 6.43
4 4.65 4.38
8 4.26 4.33
12 4.19 4.31
24 4.14 4.12
28 4.09 4.11
32 4.08 4.11
36 4.06 4.10
48 4.06 4.10
Table 4
Ammonia nitrogen and nitrate nitrogen concentrations in reactor A and B under —900 mV voltage.
Cathode Anode
Ammonia nitrogen concentration (mg/L) 0.053 0.166
Nitrate nitrogen concentration (mg/L) 0.335 0.692

implicit solvent model was used in all calculations. All these DFT calculations were performed using Gaussian 16 program suite [34].

Hydroxide catalyzed hydrolysis reaction pathway of acetonitrile undergoes hydrolysis reaction catalyzed by hydroxide ions, and
the optimized models of its various stationary points at the BSLYP/6-31++(d,p) level in the liquid phase (water) are shown in Fig. 10.
As can be seen from Fig. 10, this reaction is completed in three steps. First, the reaction complex TS1 is formed, in which one
acetonitrile molecule and one water molecule combine under the action of hydroxide ions. Hydroxide ions bind to the carbon atom of
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the cyanide group in acetonitrile, and the water molecule breaks an O-H bond to generate a hydroxide ion and a hydrogen ion. The
hydrogen ion binds with the nitrogen atom in the acetonitrile molecule to form the first intermediate (Int1). The first intermediate
exchanges a hydrogen atom with another water molecule to form the second intermediate (Int2). In this process, the intermediate
breaks an O-H bond and the hydrogen atom is transferred to the water molecule. Meanwhile, the water molecule breaks an O-H bond
and binds with the nitrogen atom of the second intermediate to form acetamide.

This figure mainly describes the possible steps in which acetonitrile is hydrolyzed to acetylamine and further hydrolyzed to
ammonium acetate under the catalytic conditions of hydroxide ions. TS stands for transition state; Int for intermediate.

The second intermediate has an acetamide structure, and therefore can undergo further hydrolysis. For this purpose, a water
molecule and a hydroxide ion are introduced into the second intermediate. The oxygen atom of the hydroxide ion binds to the carbon
atom of the cyanide group in acetonitrile to form the third intermediate (Int3). In the third intermediate, the water molecule breaks an
O-H bond to form a hydroxide ion, while the hydrogen ion binds to the amino group, and the C-N bond is broken, thereby generating
ammonia gas and acetic acid. The reference data for the calculations can be found in Table 5.

3.3. Energy analysis

First, assuming that the free energy AG of the reactant acetonitrile is 0 kcal/mol, the free energy of the transition state TS1 is 27.8
kcal/mol, and the activation energy barrier between the two is 27.8 kcal/mol. In the second step, the free energy of TS2 is 19.7 kcal/
mol. The activation energy barrier of this step is 11.1 kcal/mol, which is lower than the first step. Therefore, the second step is easier
than the first step. Since the energy of the second intermediate is the lowest, acetamide is relatively stable and more easily formed.
Similarly, the process of transformation to TS3 requires an energy barrier as high as 30.6 kcal/mol, indicating that the reaction be-
tween acetamide and a water molecule is more difficult under alkaline conditions. By comparing the activation energy barriers, we
know that the third step is the rate-limiting step because its activation energy barrier is the highest. Overall, the reaction from
acetonitrile to ammonium acetate requires a total activation energy barrier of —0.8 kcal/mol, which is an exothermic reaction.

To verify whether acetonitrile is hydrolyzed into acetamide product, infrared spectroscopy and GC-MS was performed, and the
obtained spectrum is shown below. From Fig. 11, it can be seen that after the reaction of acetonitrile, the intensity of the absorption
peak of C =N at the wavelength of 2248 cm"-1 significantly decreases. At the same time, the stretching vibration peaks at the
wavelengths of 3500-3100 cm™-1 and 1418 cm™-1 can be attributed to the vibrations of N-H and C-N, indicating the generation of
amide substances. In addition, the absorption peak at the wavelength of 1715 ¢cm™1 is the C—=O absorption peak, and the C-O
stretching vibration peak at the wavelengths of 1320-1210 cm"-1 indicates further hydrolysis of the amide to form a carboxylic acid.
Therefore, it is inferred that the product contains acetamide and acetic acid. The infrared spectrum indirectly verifies the computa-
tional results and provides experimental support, Fig. 12.

In addition, the results showed that there was a weak hydrolysis of acetonitrile in solution state, which was about 2.8 mg. After
applying a voltage of —800 mV, the concentration of acetamide in the solution adsorbed by activated carbon was about 4.3 mg after 48
h. This result also supports that the electrode produces hydroxide root which catalyzes the hydrolysis of acetonitrile.

4. Conclusion

The ME-ACF constructed in this paper showed a large advantage over the ACF in treating acetonitrile wastewater, with a per-
formance enhancement of about 65 %. For the mechanism of acetonitrile removal by this system, we give the responses as: electrically
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Fig. 10. Optimized model of the key intermediates in the alkaline hydrolysis of acetonitrile in aqueous phase (water) at the B3LYP/6-31++(d,
p) level.
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Table 5
Main parameters of acetonitrile hydrolysis optimized in aqueous phase at B3LYP/6-31+-+G(d,p) level [35].
Stationary point H2-01 H1-N C2-N C2-01 H3-02 H3-N 02-C2
Acetonitrile 0.097 0.208 0.116 0.420
TS1 0.097 0.298 0.121 0.186
Intl 0.097 0.311 0.127 0.138
TS2 0.098 0.227 0.127 0.136
Int2 0.132 0.133 0.131 0.130
TS3 0.250 0.101 0.137 0.123
Int3 0.251 0.102 0.136 0.124 0.099 0.266 0.322
TS4 0.245 0.102 0.160 0.122 0.140 0.114 0.191
Products 0.375 0.102 0.371 0.122 0.428 0.102 0.121
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Fig. 11. Infrared spectra of the solutions before and after the reaction.
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Fig. 12. Infrared spectra of the solutions before and after the reaction.

enhanced adsorption as well as electrocatalytic hydrolysis. The electrically enhanced adsorption is mainly manifested by the polar-
ization of acetonitrile by microelectrode, the oxidation of activated carbon by microelectrode, and the adsorption of acetonitrile by
platinum at a certain potential. The electrocatalytic hydrolysis is mainly due to the fact that the acetonitrile molecules occupy the
adsorption sites on the surface of the platinum electrode, which leads to the resolution of hydrogen ions and hydroxides, and then the
acetonitrile is catalytically hydrolyzed.

Therefore, ME-ACF may be an effective method for the treatment of polar organics.
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