
Citation: Gu, C.; Yan, K.; Bo, L.;

Zhou, X.; He, Y.; Feng, J.; Qin, J.

Alkaline Prehydrolysis Prolongs

Resin Life and Enhances the

Adsorption of Phenolic Compounds.

Water 2023, 15, 2566. https://

doi.org/10.3390/w15142566

Academic Editors: José

Alberto Herrera-Melián,

Weiying Feng, Fang Yang and

Jing Liu

Received: 13 June 2023

Revised: 30 June 2023

Accepted: 10 July 2023

Published: 13 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

Alkaline Prehydrolysis Prolongs Resin Life and Enhances the
Adsorption of Phenolic Compounds
Chao Gu 1, Kailing Yan 1, Lei Bo 1, Xin Zhou 1, Yiwen He 2, Jiacheng Feng 2 and Jinyi Qin 2,*

1 CHN Energy Shendong Coal Group Co., Ltd., Ordos 017209, China; sgbtljl@163.com (C.G.);
sgbt123456@163.com (K.Y.); 2017900357@chd.edu.cn (L.B.); 2020128081@chd.edu.cn (X.Z.)

2 School of Civil Engineering, Chang’an University, Xi’an 710054, China; 2020228103@chd.edu.cn (Y.H.);
022228101@chd.edu.cn (J.F.)

* Correspondence: jinyi.qin@chd.edu.cn

Abstract: Phenolic compounds in oil wastewater are highly toxic and refractory. Hydrolysis at
pH 12 for 12 h makes these compounds more vulnerable to attack and destruction. Under the
binding and precipitation of polyaluminum chloride (PAC) at pH 8, the chemical oxygen demand
(COD) was significantly reduced by 38%. The simulation found that hydrolysis + flocculation was
a complex multistep process. The COD removal rate was mainly controlled by the prehydrolysis
process. The metabolic pathway suggested that the m-cresol produced in the factory was oxidized to
low water-soluble aldehyde. Alkaline hydrolysis converted the aldehyde into m-toluene-methanol,
which was conducive to being captured by the PAC. Fourier transform infrared spectroscopy (FTIR)
showed that the alkaline dehydrogenation of two m-methylphenyl carbinols produced a molecule
that was removed by the resin. Generally, the particle size of the residue after alkaline hydrolysis was
6.4–8.3 nm, which was included in the pore size range of the resin. Therefore, the resin adsorption
capacity for the hydrolyzed substances increased to 47,000 mg L−1, with 93% renewability. In short,
hybrid technology reduces the concentration burden of the resin inflow and controls the molecular
size of adsorbed substances for repurification. It strengthens the treatment effect of high COD
wastewater and provides innovative ideas for extending the service life of resin.

Keywords: prehydrolysis; phenolic compounds; resin sorption; particle size; renewable

1. Introduction

Phenolic compounds are prototype toxic substances. Butylated hydroxytoluene (BHT)
and its derivatives are common highly toxic and refractory organic compounds in petro-
chemical wastewater. Phenolic substances in wastewater mainly include phenol, cresol,
and 6-tert-Butyl-m-cresol, which originate from petroleum, petrochemical, coal chemical,
phenol, and phenolic resin production [1]. For each ton of phenolic resin production, 750 L
of wastewater containing 600–42,000 mgL−1 of phenol needs to be discharged [2]. Phenolic
compounds are toxic to biological individuals and can enter the human body through
respiration and skin contact, causing teratogenesis and carcinogenesis. Various countries
have successively listed phenolic compounds as the priority pollutants in water control [3].

The commonly used methods for treating phenol-containing wastewater include
biochemical methods [1,4], advanced oxidation, electrochemical methods [5], and adsorp-
tion [1]. However, phenolic compounds exceeding a concentration of 1000 mgL−1 will
inhibit the biotreatment capacity of the bioreactor [6]. The intermediates of BHT degra-
dation, such as BHT-Q and BHT-tert-butanol, are more toxic than BHT; therefore, their
concentration will increase compared with the influent [7]. Fenton, photoelectric Fenton,
electro-Fenton, and other oxidation methods have obvious treatment effects; however, they
are difficult to control due to their high energy consumption and harsh reaction condi-
tions [8]. Resin adsorption has the advantages of treating high concentrations with no
secondary pollution and regenerating valuable substances. However, desorption treatment
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is required after adsorption saturation; therefore, it is necessary to reduce the feed concen-
tration of the resin, and the molecular size of the adsorbed resin is required to facilitate
its desorption. In the case of alkaline prehydrolysis, it loosens the phenolic structures,
breaking the C-O bonds [9], and promotes the generation of hydroxyl radicals in the ad-
vanced oxidation process [10], which effectively removes the phenolics [11]. In practice, it
is difficult for a single technology to economically and effectively treat wastewater to meet
the standard; therefore, it is imperative to develop a combined process.

To prolong the service life of the resin, it is necessary to identify methods to strengthen
its adsorption and desorption; therefore, alkaline hydrolysis was used to pretreat the
pollutants. Referring to the effect of the advanced oxidation of phenolic compounds, the
present study focused on the process of reducing the content of the phenolic compounds and
breaking their molecular structure by alkaline prehydrolysis. The pathways of substance
decomposition by advanced oxidation and alkaline hydrolysis were investigated separately
using liquid chromatography–mass spectrometry (LC–MS). Fourier transform infrared
spectroscopy (FTIR) was used to study the effect of the alkaline hydrolysis on the surface
functional groups of the flocs and their ability to capture the phenol. Finally, based on the
molecular weight obtained from the alkaline hydrolysis of the substance, the effect of the
product size on the adsorption and desorption times of the resin was analyzed, and its
service life was estimated. The present study provides a case for the establishment of an
alkaline pretreatment scheme for high chemical oxygen demand (COD) wastewater and
the recovery of effective substances.

2. Materials and Methods
2.1. Materials

Baotashan New Materials Co., Ltd. (Xianyang, China) generates 3 m3 phenolic wastew-
ater per day. Its pH is between 9 and 10, and the COD is 140,000 mgL−1. The wastewater
contains large molecules of phenols that are difficult to volatize. The aim was to discharge
water that met the Integrated Wastewater Discharge Standard (GB8978-1996), with a COD
of <500 mgL−1.

2.2. Methods
2.2.1. Alkaline Prehydrolysis Experiment

Wastewater (100 mL) was used for the alkaline hydrolysis experiment. (1) After adding
10 mL of 1200 mgL−1 polyaluminum chloride (PAC) to the wastewater, it flocculated and
settled for 12 h, and the COD of the supernatant was measured as a control. (2) The
wastewater was hydrolyzed at pH 12 for 12 h; then, 10 mL of 1200 mgL−1 PAC was
added to the mixture, which was flocculated and precipitated for 12 h, and the COD of the
supernatant was measured. (3) The wastewater was hydrolyzed at pH 12 for 12 h; then,
it was flocculated and precipitated for 12 h after adding 10 mL of 1200 mgL−1 PAC, after
which its pH was adjusted to 8, and the COD of its supernatant was measured. (4) The
wastewater was hydrolyzed at pH 12 for 4, 6, 8, 10, 12, and 24 h, after which its pH was
adjusted to 8. Next, it was flocculated and precipitated for 12 h after adding 10 mL of
1200 mgL−1 PAC; then, the COD of its supernatant was measured.

2.2.2. Macroporous Resin Adsorption Experiment

The macroporous resin (XDA-1G, Sunresin New Materials Co., Ltd., Xi’an, China) was
pretreated with 100 mL of anhydrous ethanol to fill the column. The column was washed
with 2–3 times the volume of water until there was no alcohol odor at the outlet. The initial
80 mL effluent was discharged as waste; then, its COD was measured, and LC–MS (8050CL)
and FTIR (FTIR-650) were carried out.

The measurement parameters of the LC–MS were as follows: ion source ESI (electron
spray ionization) (negative), drying gas (temperature 325 ◦C, flow rate 10 L min−1), atom-
ization pressure 50 psi, capillary voltage 4000 V, and mass spectrometry scan range (m/z)
50~500.
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The measurement parameters of the FTIR were as follows: spectral range (4000–400 cm−1),
resolution (0.1–0.5 cm−1), light range (2–10 cm), and scanning speed (1–20 cm/s).

2.2.3. Regeneration Life Test of the Macroporous Resin Adsorption–Desorption

Wastewater (100 mL) flowed through the packed column at a rate of 0.1 L min−1. After
the adsorption test, the column was backwashed with heated 4% NaOH solution. Subse-
quently, the column was flushed with 2–3 times the volume of water for desorption and
to remove the residual alcohol in the resin. The regeneration capacity of the macroporous
resin was determined based on the COD of the effluent after desorption.

2.2.4. Liquid Chromatography–Mass Spectrometry (LC–MS) Detection

The effluent samples were collected and analyzed using LC–MS. The parameters used
were ion source ESI (electron spray ionization) (negative), drying gas (temperature of
325 ◦C, flow rate of 10 L min−1), atomization air pressure of 50 psi, capillary voltage of
4000 V, and mass spectrometry (MS) scan range (m/z) of 50 to 500.

The simulations used pseudo-first-order, pseudo-second-order, Elovich kinetic, and
intra-particle diffusion models.

The effect of the alkaline hydrolysis on the degradation of the phenolic substances
was investigated using the pseudo-first-order, pseudo-second-order, and Elovich kinetic
models, and the equation for intra-particle diffusion. The simulation curve was drawn with
Origin software (9.0).

Pseudo-first-order kinetic model:

ln(Q e −Qt) = −k1t + ln Qe (1)

Pseudo-second-order kinetic model:

t/Qt = t/Qe + 1/
(

k2Qe
2
)

(2)

Elovich kinetic model:

Qt = (1/β) ln t + (1/β) ln(αβ) (3)

The equation for intra-particle diffusion:

Qt = k3t1/2 (4)

where Qe and Qt refer to the amount of COD removed at equilibrium and at any time t (h),
respectively; k1, k2, β, and k3 are the rate constants for the pseudo-first-order kinetic, pseudo-
second-order kinetic, Elovich kinetic, and intra-particle diffusion models, respectively, in
units of L·min−1, g·mg−1·min−1, L·min−1, and mg·g−1·min−1, respectively, for the reaction
process; α is the parameter for the initial reaction rate of the Elovich kinetic equation,
mg·g−1·min−1; and β is the Elovich kinetic equation constant, mg·g−1.

Each data point was measured in triplicate.

3. Results
3.1. Effect of the Hydrolysis pH on the Flocculation and Phenol Removal

The COD of the raw water was 100,000 mgL−1, and the pH was between 8 and 10. As
shown in Figure 1, when the PAC was added directly, the residual COD after flocculation
reached 80,000 mgL−1. After 12 h of alkaline hydrolysis at pH 12, the PAC was added to the
wastewater, and the COD of the supernatant after flocculation decreased to 68,000 mgL−1.
After hydrolysis, the pH was adjusted to 8, and the COD of the supernatant after flocculation
was 62,000 mgL−1, which was significantly lower than the previous result. After alkaline
hydrolysis of the phenol-containing wastewater, the PAC was first added for flocculation, and
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then the pH was adjusted to 8. The COD in the supernatant was 66,400 mgL−1. This result
was between the treatment effects of the two abovementioned methods.
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Therefore, alkaline hydrolysis was necessary for the pretreatment of the phenolic
wastewater. This was because the phenol structure in the wastewater loosened, and the C-
O bond gradually broke due to the catalysis of the alkaline reagents [11,12]. Macromolecular
phenolic substances were disassembled into small molecules, which were then wrapped
and precipitated by the PAC and removed as precipitates, resulting in a substantial decrease
in the COD. After the alkaline hydrolysis, the wastewater pH was adjusted to 8, which
resulted in the best flocculation performance of the PAC. This was because the PAC was
hydrolyzed to stable and strongly bridged Al13 at pH 8 [13]. When the pH was 12, the
hydrolytic precipitation of the PAC was converted into soluble ions, such as AlO2, with
poor electric neutralization and sweep ability. This led to a poor flocculation effect [14]. In
addition, different pH values led to different forms of phenolic compounds, which led to
different reaction processes. Most phenolics are hydrophilic and have a constant to measure
the degree of acid–base dissociation. When the wastewater pH is too high and greater
than this constant, the phenolic substances are in ionic form [5]. However, the phenolic
compounds were more vulnerable to be attacked by alkaline reagents when they existed
in molecular form, causing their structure to be destroyed. Finally, after hydrolysis and
flocculation, the effect of the pH adjustment on the COD reduction was not obvious. This
was because the PAC formed a more stable structure with the phenolic substances and their
derivatives (Section 3.3); therefore, it did not participate in the subsequent reaction at pH 8.

3.2. Effect of the Alkaline Hydrolysis Time on the COD Removal

The effect of the hydrolysis time on the COD removal of the wastewater was studied,
and the results are shown in Figure 2A. The initial COD reached 100,000 mgL−1, and the
residue COD was reduced to 47,000 mgL−1 after 24 h, with a 53% removal efficiency. With
increasing time, the COD significantly decreased from 56,000 to 48,800 mg L−1 within
4–8 h, and the cumulative removal efficiency rapidly increased from 44% to 51.2%. With
increasing hydrolysis time, the C-O and O-O bonds of the hydroxyl groups were broken
more completely, as the alkaline reagent and the phenolics in the wastewater came into full
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contact [12]. In this case, more macromolecules were broken into smaller macromolecules,
resulting in a significant decrease in the COD. However, when the alkaline hydrolysis
exceeded a duration of 12 h, the COD slightly decreased from 47,200 to 47,000 mgL−1, and
the COD removal efficiency curve gradually flattened to 52.9–53%. The results showed that
the system reached equilibrium after 12 h, and the removal of the COD by hydrolysis did
not only depend on hydrolysis time. All the original phenolic substances in the wastewater
were destroyed in the structure, the C-O and O-O bonds were completely broken, and the
disassembled substances combined with the PAC to form new substances with a stable
structure. Therefore, the residual COD did not decrease significantly, and there was almost
no increase in the cumulative removal efficiency.
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In contrast to the oxidation methods for the treatment of phenol-containing wastew-
ater [15,16], alkaline hydrolysis uses only alkaline reagents and facilitates the extraction
and recovery of useful substances from the intermediate products obtained from the treat-
ment. In contrast to hydrolytic acidification, the phenolic wastewater is hydrolyzed from
insoluble organic matter to soluble material by the action of a large number of hydrolytic
bacteria, which converts insoluble substances into easily biodegradable ones, both of which
are released into the mixture, so that the COD concentration of the reactor effluent is still
very high, with a COD removal rate of only 30% [17]. However, the alkaline reagent of
alkaline hydrolysis acts directly on the C-O bond of the phenols, resulting in an increase in
the COD removal of up to 50%.

Notably, because the hydrolysis time was related to the molecular size of the phenols,
and the molecular size of phenols was related to the removal effect of the PAC adsorption,
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the hydrolysis time was indirectly related to the PAC adsorption. Therefore, an adsorption
kinetic model was used for fitting. With increasing alkaline hydrolysis time, the decline in
the COD in the water was simulated using pseudo-first order, pseudo-second order, Elovich
kinetic, and intra-particle diffusion models, as shown in Figure 2B; the fitting parameters
are listed in Table 1.

Table 1. Kinetic parameters.

Models Parameters

Pseudo-first-order kinetic model
K1 0.432
R2 0.93453

Pseudo-second-order dynamics model K2 0.01616
R2 0.93947

Elovich kinetic model
α 8891.15855
β 0.1939
R2 0.78161

Intra-particle diffusion model K3 2.90067
R2 0.6252

Table 1 shows that the R2 values of the alkaline hydrolysis in the four kinetic models
were 0.93453, 0.93947, 0.78161, and 0.6252, and both the pseudo-first-order and pseudo-
second-order kinetic models were applicable. However, the R2 value of the pseudo-second-
order dynamics model was higher than that of the pseudo-first-order kinetic model, indicat-
ing that the alkaline hydrolysis process was most consistent with the proposed secondary
kinetic model, and the reaction rate was mainly controlled by the chemical reaction. The
pseudo-first-order kinetic model was generally suitable for faster rate reaction processes,
while the pseudo-second-order dynamics model was more suitable for complex multi-
step reaction processes [18,19]. This showed that the alkaline hydrolysis of this phenol-
containing wastewater was a complex multistep process.

3.3. The Putative Metabolism Pathway of the BHT

Based on the known main production reaction of the factory, it was speculated
that the abundant substances present in the initial wastewater were 2,6-di-tert-butyl-4-
methylphenol (BHT) (220.35), 4,6-di-tert-butyl-m-cresol (220.35), and m-cresol (108.14). The
substances obtained after different treatments are shown in Table 2. The m-cresol was prone
to oxidize to 3-methylbenzaldehyde by O2 at 25 ◦C and standard pressure [20]. The Gibbs
free energy of the reaction was−32.69 KJ, which indicated that it could occur spontaneously
at room temperature and standard pressure. Therefore, 3−methylbenzaldehyde (120.15)
could replace m−cresol when the wastewater was stored in the collector for a long time.

Table 2. The composition of the raw sewage and after different treatments.

Different Treatments Composition

Raw wastewater m-cresol; 3-methylbenzaldehyde
Alkaline hydrolysis m-tolylmethanol

Alkaline hydrolysis + PAC
3-hydroxy-5-methylbenzyl chloride;

1-methyl-3-[(3-methylphenyl)
methylperoxymethyl]benzene

Alkaline hydrolysis + PAC + resin adsorption
6-{[3,5-bis(tert-butyl)-4-

hydroxyphenyl]methyl}-2-(tert-butyl)-4-
chlorophenol

Figure 3 shows the changes in the residual substances detected in the wastewater after
the successive treatment of the alkaline hydrolysis, the PAC flocculation–sedimentation,
and the resin adsorption. 3-Methylbenzaldehyde can undergo the Cannizzaro reaction
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to form m-tolylmethanol (122.17), which requires adjusting the wastewater to a strong
alkaline condition [21]. When the PAC was added, it was hydrolyzed to produce HCl, which
replaced the methane H in water to produce dichloromethane [22]. The dichloromethane
and m-tolylmethanol underwent Fourier alkylation in the alkaline environment in which
AlCl3 existed [23], and the H on the benzene ring was replaced to form 3-hydroxy-5-
methylbenzyl chloride (156.61). Meanwhile, two molecules of m-tolylmethanol formed
1-methyl-3-[(3-methylphenyl)methylperoxymethyl]benzene (242.31). Both 3-hydroxy-5-
methylbenzyl chloride and 1-methyl-3-[(3-methylphenyl) methylperoxymethyl]benzene
showed 106 levels of strength in the mass spectrum, and neither of these substances was
detected after the resin adsorption, indicating that they were removed by the adsorption.
The mass spectrum of the resin adsorbed effluent showed that all substances were at a
level of 106. It was speculated that the tert-butyl group of 4,6-di-tert-butyl-m-cresol in the
raw water was replaced by Cl−, which was generated by the hydrolysis of the PAC [22],
after which it reacted with 2,6-di-tert-butyl-4-methylphenol (BHT) to generate 6-{[3,5-
bis(tert-butyl)-4-hydroxyphenyl]methyl}-2-(tert-butyl)-4-chlorophenol (403). Its molecule
was larger than the pore size of the resin; therefore, it was not absorbed and removed by
the resin.
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In short, although m-cresol was processed and produced by the factory, the real pollu-
tant in the wastewater after exposure to O2 was a low water-soluble aldehyde. Alkaline
hydrolysis was conducive to the conversion of the aldehydes into m-toluene methanol
dissolved in water, which was conducive to the water solubility of phenol and its capture
by the PAC. Macromolecules that could not be adsorbed by the PAC were also excluded
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from the pore size of the resin. This reduced the inflow concentration pressure of the resin
and assisted in the purification of valuable m-toluene methanol and resin regeneration.

3.4. FTIR Characteristic Analysis of the Functional Groups on the Surface of the Flocs
after Hydrolysis

The FTIR spectra of the effluents from the alkaline hydrolysis, pre-oxidation, alkaline
hydrolysis + resin adsorption, and pre-oxidation + resin adsorption are shown in Figure 4.
The results of the different treatments showed no significant difference between 400 and
1500 cm−1. The peak at 1500–1800 cm−1 was the stretching of the carbonyl C=O and
the contraction of the benzene ring C=C bond [24,25]. Based on the MS analysis, it was
found that the effluent from the four treatments formed similar products, which comprised
3-methylbenzaldehyde and 1-methyl-3-[(3-methylphenyl)methylperoxymethyl]benzene
(see Figure 3) and contained numerous C=O bonds. However, the peaks formed by the
other three treatments were comparable, except that the alkaline hydrolytic effluent had
the lowest absorption peak. This may be because the H on the phenol hydroxyl was easily
ionized with alkali to form negative oxygen ions [26]; thereby, the absorption peak shifted
to the right, and the absorption intensity weakened.
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The peak at 3000–3500 cm−1 should be the contraction vibration of OH [27,28]. The order
of the peak strength was the alkaline hydrolysis < pre-oxidation < alkaline hydrolysis + resin
adsorption < pre-oxidation + resin adsorption. The OH bond vibration without the resin was
weaker than that with the resin. This may be due to the alkaline dehydrogenation of two m-
tolylmethanol to form a 1-methyl-3-[(3-methylphenyl)methylperoxymethyl]benzene molecule,
which was equivalent to the reduction of two phenol hydroxyl molecules [29]. After the
resin adsorption, 1-methyl-3-[(3-methylphenyl)methylperoxymethyl]benzene was removed,
and only the 6-{[3,5-bis(tert-butyl)-4-hydroxyphenyl]methyl}-2-(tert-butyl)-4-chlorophenol
contraction vibration was reflected using the FTIR (see Figure 3).

3.5. Effect of the Prehydrolysis on Improving the Service Life of the Resin Adsorption

The raw water and the alkaline-hydrolyzed wastewater were adsorbed by macrop-
orous resin. Next, the hot lye was backwashed three times for regeneration. The phenol
hydroxyl group produced sodium phenol in the alkaline environment, and the adsorp-
tion balance between it and the resin adsorption site was broken; therefore, the adsorbed
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molecules were dissolved back into the water phase [30]. As shown in Figure 5, the removal
capacity of the resin to COD in the raw water or alkali-hydrolyzed water decreased with
the increasing number of elutions. The two types of wastewater were treated by passing
the resin at the same flow rate. After being eluted five times, the adsorption capacity of the
resin for the COD in the raw water stabilized at approximately 45,000 mg L−1, which was
89.79% of its initial capacity. However, the adsorption capacity of the resin for the COD in
the alkali-hydrolyzed water stabilized at approximately 47,000 mg L−1, reaching 93% of its
initial capacity. The regenerated adsorption COD of the resin for the alkali hydrolysis was
significantly higher than that of the raw water, and the prehydrolysis prolonged the service
life of the resin adsorption.
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The sizes of the substances obtained from the different treatments are shown in Table 3.
The mass spectrum analysis results showed that the alkaline hydrolytic effluent contained
[3-(chloromethyl)-5-methylphenyl] methanol and 3,3′-[peroxybis(methylene)]bis(toluene)
with diameters of 6.4 and 8.3 nm, respectively (see Figure 3). The raw water contained
m-cresol, 4,6-di-tert-butyl-m-cresol, and 2,6-di-tert-butyl-4-methylphenol (BHT) with di-
ameters of 6.3, 8.3, and 8.8 nm, respectively. However, the average pore size of the resin
used was fixed at 8.5–9.5 nm. The diameters of the substances in the raw water and the
hydrolysis water were smaller than the average pore size of the resin, which proves that
they can be captured by the macropores. However, it was assumed from the molecular
size that the substances produced by the alkaline hydrolysis were smaller; therefore, the
hydrolyzed effluent was more easily adsorbed by the resin to reduce more COD. It was
also determined that the resin was more selective in adsorbing organic compounds with
smaller molecular sizes. The pore and particle size decreased along with the increase in the
number of flushes [31].
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Table 3. The molecular size of the substances produced.

Material Long Wide High Volume Diameter

m-Cresol 8.653 7.189 4.018 249.95 6.3
4,6-di-tert-butyl-m-cresol 10.752 8.196 6.505 573.24 8.306

2,6-di-tert-butyl-4-methylphenol
(BHT) 11.453 8.990 6.505 669.77 8.75

3-Methylbenzaldehyde 9.022 7.316 4.018 265.21 6.424
m-tolylmethanol 8.868 7.736 4.019 275.71 6.508

3-hydroxy-5-methylbenzyl chloride 11.116 8.087 4.019 361.29 8.322
1-methyl-3-[(3-methylphenyl)
methylperoxymethyl]benzene 15.773 8.040 4.545 576.37 8.255

6-{[3,5-bis(tert-butyl)-4-
hydroxyphenyl]methyl}-2-(tert-

butyl)-4-chlorophenol
15.372 10.212 8.312 1304.8 10.928

4. Conclusions

The wastewater produced during petroleum production contains phenolic compounds,
which are organic substances that are highly toxic and difficult to degrade. In the present
study, a novel technology combined with alkaline hydrolysis and resin adsorption was
used to treat phenol-containing wastewater.

The hydrolysis pH was controlled at 12 and maintained for 12 h. Phenolic compounds
existed in molecular form. They were more vulnerable to attack and destruction by alkaline
reagents. After the pH was adjusted to 8, phenols were wrapped with the PAC and
precipitated, resulting in a COD reduction of 38%. With the increase in the hydrolysis time,
the COD removal rate increased rapidly from 44% to 51.2%. After 12 h, the COD removal
rate gradually stabilized at 52.9–53%. Based on the kinetic model simulation, the hydrolysis
+ flocculation results were the most consistent with the secondary kinetic model. It was
a complex multistep process, and the COD removal rate was mainly controlled by the
prehydrolysis. The metabolic pathway revealed that although m-cresol was produced in
the factory, it was oxidized to a low water-soluble aldehyde. Alkaline hydrolysis converted
aldehydes into m-toluene-methanol, which was conducive to the dissolution of phenol
and for capturing the PAC. The FTIR showed that the effluents from the alkali hydrolysis,
pre-oxidation, and resin adsorption had similar products, containing numerous C=O bonds.
Because the alkaline dehydrogenation of two m-methylphenyl carbinols forms 1-methyl-3-
[(3-methylphenyl) methylperoxymethyl] benzene molecules, which were removed by the
resin, the OH bond vibration of the remaining substances after the resin adsorption was
stronger than that without the resin. The particle size of the material produced by the alkali
hydrolysis was 6.4–8.3 nm, which was smaller than that of the raw water (6.3–8.8 nm). The
adsorption capacity of the resin for the COD in the raw water was 45,000 mg L−1, with
89.79% renewability, while the adsorption capacity for the alkaline-hydrolyzed water was
47,000 mg L−1, with 93% renewability.

In conclusion, the alkali prehydrolysis before the resin adsorption can enhance the
treatment effect of high-COD wastewater, reduce the concentration burden of the resin
inflow, facilitate the control of the molecular size of adsorbed substances for repurification,
and provide innovative ideas to help resin elution and extend its lifespan.

Author Contributions: C.G.: Conceptualization; Methodology; Supervision; K.Y.: Methodology;
Writing—Original Draft; L.B.: Formal analysis; Validation; X.Z.: Data Curation; Investigation; Y.H.:
Resources; Project administration; J.F.: Resources; Project administration; J.Q.: Resources; Project
administration. All authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the Natural Science Foundation of China (Grant
No. 51808044), the Key R&D Program of Shaanxi Province, China (2022KXJ-119), the Shendong Coal
Branch Technology Innovation Project of China Shenhua Energy Co., Ltd. (Grant No. CEZB210304069),
and the Fundamental Research Funds for the Central Universities, CHD (Grant No. 300102281502).

Data Availability Statement: The datasets used or analyzed during the current study are available
from the corresponding author on reasonable request.



Water 2023, 15, 2566 11 of 12

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Junyi, L.; Yu, Z.; Lei, Z. Research progress in the treatment technologies of industrial wastewater containing phenol. Ind. Water

Treat. 2018, 38, 12–16.
2. González-Muñoz, M.; Luque, S.; Álvarez, J.; Coca, J. Recovery of phenol from aqueous solutions using hollow fibre contactors.

J. Membr. Sci. 2003, 213, 181–193. [CrossRef]
3. Ronggui, F.; Haijuan, G.; Xian, L. New techniques and research progress on phenol-containing wastewater treatment. Technol.

Water Treat. 2013, 39, 5–8.
4. Busca, G.; Berardinelli, S.; Resini, C.; Arrighi, L. Technologies for the removal of phenol from fluid streams: A short review of

recent developments. J. Hazard. Mater. 2008, 160, 265–288. [CrossRef]
5. Zhang, M.; Zhang, Z.; Liu, S.; Peng, Y.; Chen, J.; Ki, S.Y. Ultrasound-assisted electrochemical treatment for phenolic wastewater.

Ultrason. Sonochemistry 2020, 65, 105058. [CrossRef]
6. Zhang, C.; Wang, X.; Ma, Z.; Luan, Z.; Wang, Y.; Wang, Z.; Wang, L. Removal of phenolic substances from wastewater by algae. A

review. Environ. Chem. Lett. 2019, 18, 377–392. [CrossRef]
7. Wang, W.; Kannan, K. Inventory, loading and discharge of synthetic phenolic antioxidants and their metabolites in wastewater

treatment plants. Water Res. 2018, 129, 413–418. [CrossRef]
8. Brillas, E.; Garcia-Segura, S. Benchmarking recent advances and innovative technology approaches of Fenton, photo-Fenton,

electro-Fenton, and related processes: A review on the relevance of phenol as model molecule—ScienceDirect. Sep. Purif. Technol.
2020, 237, 116337. [CrossRef]

9. Xu, Z.; Xiong, X.; Zeng, Q.; He, S.; Yuan, Y.; Wang, Y.; Wang, Y.; Yang, X.; Su, D. Alterations in structural and functional properties of
insoluble dietary fibers-bound phenolic complexes derived from lychee pulp by alkaline hydrolysis treatment. LWT 2020, 127, 109335.
[CrossRef]

10. Guzmán, J.; Mosteo, R.; Sarasa, J.; Alba, J.A.; Ovelleiro, J.L. Evaluation of solar photo-Fenton and ozone based processes as citrus
wastewater pre-treatments. Sep. Purif. Technol. 2016, 164, 155–162. [CrossRef]

11. Cao, S.; Jiang, W.; Zhao, M.; Liu, A.; Wang, M.; Wu, Q.; Sun, Y. Pretreatment Hydrolysis Acidification/Two-Stage AO Combination
Process to Treat High-Concentration Resin Production Wastewater. Water 2022, 14, 2949. [CrossRef]

12. Valsania, M.C.; Fasano, F.; Richardson, S.D.; Vincenti, M. Investigation of the degradation of cresols in the treatments with ozone.
Water Res. 2012, 46, 2795–2804. [CrossRef] [PubMed]

13. Hu, C.-Z.; Liu, H.-J.; Qu, J.-H. Coagulation behavior of Al13 species. Huan Jing Ke Xue 2007, 27, 2467–2471.
14. Wei, N.; Zhang, Z.; Liu, D.; Wu, Y.; Wang, J.; Wang, Q. Coagulation behavior of polyaluminum chloride: Effects of pH and

coagulant dosage. Chin. J. Chem. Eng. 2015, 23, 1041–1046. [CrossRef]
15. Zhaochun, T.; Quanjin, W.; Weiquan, Y. Chlorine oxidation test for phenol-containing wastewater. China Water Wastewater 2002,

18, 42–43.
16. Yabin, Q.; Pengfei, X.; Jiacheng, R. study on advanced treatment of coal chemical industry phenolic wastewater by Fenton

oxidation. Energy Chem. Ind. 2019, 40, 59–62.
17. Ranran, S. Research on Pretreatment of Phenolic Wasterwater with the Integrated Hydrolysis Acidification-Iron-Carbon Microelectrolysis

Reactor; Harbin Institute of Technology: Harbin, China, 2010.
18. Qiu, H.; Lv, L.; Pan, B.-C.; Zhang, Q.-J.; Zhang, W.-M.; Zhang, Q.-X. Critical review in adsorption kinetic models. J. Zhejiang Univ.

A 2009, 10, 716–724. [CrossRef]
19. Deng, S.; Zhang, Q.; Nie, Y.; Wei, H.; Wang, B.; Huang, J.; Yu, G.; Xing, B. Sorption mechanisms of perfluorinated compounds on

carbon nanotubes. Environ. Pollut. 2012, 168, 138–144. [CrossRef]
20. Wang, F.; Xu, J.; Liao, S.-J. One-step heterogeneously catalytic oxidation of o-cresol by oxygen to salicylaldehyde. Chem. Commun.

2002, 6, 626–627. [CrossRef]
21. Mei, X.; Guo, Z.; Liu, J.; Bi, S.; Li, P.; Wang, Y.; Shen, W.; Yang, Y.; Wang, Y.; Xiao, Y.; et al. Treatment of formaldehyde wastewater

by a membrane-aerated biofilm reactor (MABR): The degradation of formaldehyde in the presence of the cosubstrate methanol.
Chem. Eng. J. 2019, 372, 673–683. [CrossRef]

22. Degirmenci, V.; Uner, D.; Yilmaz, A. Methane to higher hydrocarbons via halogenation. Catal. Today 2005, 106, 252–255. [CrossRef]
23. Wei, X.; Liu, M.; Lu, K.; Wu, H.; Wu, J. Friedel-Crafts alkylation modification and hydrophilic soft finishing of meta aramid.

J. Eng. Fibers Fabr. 2021, 16, 1558925021999061. [CrossRef]
24. Li, Y.-M.; Sun, S.-Q.; Zhou, Q.; Qin, Z.; Tao, J.-X.; Wang, J.; Fang, X. Identification of American ginseng from different regions

using FT-IR and two-dimensional correlation IR spectroscopy. Vib. Spectrosc. 2004, 36, 227–232. [CrossRef]
25. Liu, H.-X.; Sun, S.-Q.; Lv, G.-H.; Chan, K.K. Study on Angelica and its different extracts by Fourier transform infrared spectroscopy

and two-dimensional correlation IR spectroscopy. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2006, 64, 321–326. [CrossRef]
26. Chen, L.; Wei, X.; Wang, H.; Yao, M.; Zhang, L.; Gellerstedt, G.; Lindström, M.E.; Ek, M.; Wang, S.; Min, D. A modified ionization

difference UV–vis method for fast quantitation of guaiacyl-type phenolic hydroxyl groups in lignin. Int. J. Biol. Macromol. 2022,
201, 330–337. [CrossRef] [PubMed]

https://doi.org/10.1016/S0376-7388(02)00526-4
https://doi.org/10.1016/j.jhazmat.2008.03.045
https://doi.org/10.1016/j.ultsonch.2020.105058
https://doi.org/10.1007/s10311-019-00953-2
https://doi.org/10.1016/j.watres.2017.11.028
https://doi.org/10.1016/j.seppur.2019.116337
https://doi.org/10.1016/j.lwt.2020.109335
https://doi.org/10.1016/j.seppur.2016.03.025
https://doi.org/10.3390/w14192949
https://doi.org/10.1016/j.watres.2012.02.040
https://www.ncbi.nlm.nih.gov/pubmed/22417742
https://doi.org/10.1016/j.cjche.2015.02.003
https://doi.org/10.1631/jzus.A0820524
https://doi.org/10.1016/j.envpol.2012.03.048
https://doi.org/10.1039/b200385f
https://doi.org/10.1016/j.cej.2019.04.184
https://doi.org/10.1016/j.cattod.2005.07.140
https://doi.org/10.1177/1558925021999061
https://doi.org/10.1016/j.vibspec.2003.12.009
https://doi.org/10.1016/j.saa.2005.07.026
https://doi.org/10.1016/j.ijbiomac.2022.01.035
https://www.ncbi.nlm.nih.gov/pubmed/35032489


Water 2023, 15, 2566 12 of 12

27. Vijayalakshmi, R.; Ravindhran, R. Comparative fingerprint and extraction yield of Diospyrus ferrea (willd.) Bakh. root with
phenol compounds (gallic acid), as determined by uv–vis and ft–ir spectroscopy. Asian Pac. J. Trop. Biomed. 2012, 2, S1367–S1371.
[CrossRef]

28. Tiainen, E.; Drakenberg, T.; Tamminen, T.; Kataja, K.; Hase, A. Determination of Phenolic Hydroxyl Groups in Lignin by
Combined Use of 1H NMR and UV Spectroscopy. Holzforschung 1999, 53, 529–533. [CrossRef]

29. Wang, H.; Cao, X.; Xiao, F.; Liu, S.; Deng, G.-J. Iron-Catalyzed One-Pot 2,3-Diarylquinazolinone Formation from 2-Nitrobenzamides
and Alcohols. Org. Lett. 2013, 15, 4900–4903. [CrossRef]

30. Hong, C.; Zhang, W.; Pan, B.; Lv, L.; Han, Y.; Zhang, Q. Adsorption and desorption hysteresis of 4-nitrophenol on a hyper-cross-
linked polymer resin NDA-701. J. Hazard. Mater. 2009, 168, 1217–1222. [CrossRef]

31. Liu, X. The Preliminary Study on the Effects of the Using-Period of the Extracted Liquids of Chinese Herbal Medice on Absorption and the
Regeneration of Fouled Macroporous Absorbing Resin; Nanjing University of Chinese Medicine: Nanjing, China, 2008.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S2221-1691(12)60418-3
https://doi.org/10.1515/HF.1999.087
https://doi.org/10.1021/ol402350x
https://doi.org/10.1016/j.jhazmat.2009.02.161

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Alkaline Prehydrolysis Experiment 
	Macroporous Resin Adsorption Experiment 
	Regeneration Life Test of the Macroporous Resin Adsorption–Desorption 
	Liquid Chromatography–Mass Spectrometry (LC–MS) Detection 


	Results 
	Effect of the Hydrolysis pH on the Flocculation and Phenol Removal 
	Effect of the Alkaline Hydrolysis Time on the COD Removal 
	The Putative Metabolism Pathway of the BHT 
	FTIR Characteristic Analysis of the Functional Groups on the Surface of the Flocs after Hydrolysis 
	Effect of the Prehydrolysis on Improving the Service Life of the Resin Adsorption 

	Conclusions 
	References

