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Abstract: Salicylic hydroxamic acid is a novel flotation reagent used in mineral processing. However,
it impacts the flotation wastewater leaving behind high chromaticity which limits its reuse and affects
discharge for mining enterprises. This study researched ozonation catalyzed by the granular activated
carbon (GAC) method to treat the chromaticity of the simulated mineral processing wastewater
with salicylic hydroxamic acid. The effects of pH value, ozone (O3) concentration, GAC dosage,
and reaction time on chromaticity and chemical oxygen demand (CODCr) removal were discussed.
The results of individual ozonation experiments showed that the chromaticity removal ratio reached
79% and the effluent chromaticity exceeded the requirement of reuse and discharge when the optimal
experimental conditions were pH value 3, ozone concentration 6 mg/L, and reaction time 40 min.
The orthogonal experimental results of catalytic ozonation with GAC on chromaticity removal
explained that the chromaticity removal ratio could reach 96.36% and the chromaticity of effluent was
only 20 when the optimal level of experimental parameters was pH value 2.87, O3 concentration 6
mg/L, GAC dosage 0.06 g/L, reaction time 60 min respectively. The degradation pathway of salicylic
hydroxamic acid by ozonation was also considered based on an analysis with ultraviolet absorption
spectrum and high-performance liquid chromatography (HPLC).

Keywords: salicylic hydroxamic acid; mineral processing wastewater; chromaticity removal; cat-
alyzed ozonation; GAC

1. Introduction

Tungsten ore is one of the dominant mineral resources in China, its production,
consumption, and foreign trade exports rank first in the world. The identified reserves of
tungsten ore in China were increased from 5516 million tons in 2007 up to 10,715 million
tons by the end of 2018. According to relevant statistics, the water consumption of the
flotation process is 4–7 m3/t raw ore, the water consumption of the gravity separation
process is 6–15 m3/t raw ore. Mineral processing wastewater is the most important source
of wastewater in China, which accounts for about one-tenth of industrial wastewater.

In the application of tungsten mineral processing reagents, anionic collectors, ampho-
teric collectors, cationic collectors, and non-polar collectors are the four most commonly
used tungsten collectors [1,2]. Salicylic hydroxamic acid is a kind of chelating collector
with high selectivity to metal oxide ore, it has been applied in the mineral processing of
tungsten molybdenum ore, rare earth ore, nonferrous metal ore, and other oxide ores, and
it is becoming a research hotspot of new oxide ore collectors [3,4].

In practical engineering, the wastewater produced by mineral processing enterprises
is mainly removed by coagulation and sedimentation, part of the effluent is reused in the
mineral processing production, the remaining wastewater enters into the tailing reservoir
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for subsequent reuse or external discharge through natural light degradation and natural
sedimentation [5,6]. With the natural light degradation, residual mineral processing agents
in the wastewater can be decomposed to a chromogenic substance resulting in the color of
the mineral processing wastewater, and with the extension of natural light degradation
time, the chromaticity gradually increases. Chromaticity is a problem of color in wastewater,
which, together with the odor problem, is more easily perceived by other people. High color
wastewater discharged into the water would affect the photosynthesis of algae and seriously
threaten the ecological environment.

Coagulation is one of the most commonly used methods to remove chromaticity from
wastewater, which has the advantages of low treatment cost, small occupied area, and a
large throughput [7,8]. Li et al., treated actual wastewater from the secondary sedimenta-
tion tank of a coal chemical enterprise, the chromaticity removal ratio was 61.62% with a
polyaluminium chloride (PAC) dosage of 350 mg/L and a polyacrylamide (PAM) dosage
of 2.0 mg/L [9]. Verma et al., concluded that among the chemical coagulation and floc-
culation technologies, comparatively, pre-hydrolyzed coagulants such as PAC, polyferric
chloride (PFCl), polyferric sulfate (PFS), and polyaluminum ferric chloride (PAFCl) might
be considered as the better coagulants because of their superior color removal even at
small dosage and availability at a wider pH range of wastewater. Ferrous sulfate may
also be considered as a better coagulant over other hydrolyzing metallic salts [10] but the
effluent on the coagulation process alone makes it difficult to meet the primary standard
requirement of chromaticity 50 in the comprehensive discharge standards of China [11].

Chemical oxidation is a well-studied and mature method of chromaticity removal at
present [10]. Chlorine oxidation can be used to remove a variety of organic compounds in
wastewater, decolorization, deodorization, and sterilization [12]. The chlorine oxidation
method has the advantages of high oxidation efficiency, simple operation, and high de-
colorization ratio, but it also has the disadvantages of strong corrosion, high chloride ion
concentration in wastewater, and high toxicity of intermediate products [13].

Fenton reaction is one of the commonly used advanced oxidation processes (AOPs),
which has the advantages of high safety, simple equipment, and low cost, but there is a
problem of secondary pollution caused by a large amount of iron sludge [14,15]. Değer-
menci et al., researched decolorization of Drimaren Orange High Fast (DOHF) reactive
azo dye from aqueous solutions with the Fenton oxidation process, the results showed
that with the optimal conditions of 30 ◦C temperature, pH 3, 300 mg/L DOHF concentra-
tion, 15 mg/L Fe(II) and 100 mg/L H2O2, the chromaticity removal presented very good
results [16]. Nurbas et al., performed the Fenton oxidation process on a laboratory-scale
setup to decolorize the water samples containing azo dyes like Acid Red 88, under the
optimal conditions, the efficiency of decolorization was about 99%, but the dosages of
H2O2 and Fe2+ were large, the pH value was lower to 2 [17].

Ozone oxidation can be decomposed in wastewater to produce a variety of free
radicals, which has significant effects on improving the flocculation effect, decolorization,
sterilization, and degradation of refractory organic matters [18,19]. The main advantages
of ozone oxidation are rapid reaction and no secondary pollution. Xu et al., used the multi-
phase catalytic ozonation technology to treat the secondary biochemical effluent of dyed
wastewater, with the chromaticity removal ratio up to 95% under the optimal operating
conditions [20]. Zheng et al., used ozone oxidation to treat the secondary biochemical
effluent of a municipal wastewater treatment plant, when the ozone dosage reached 6
mg/L, the chromaticity removal ratio was about 73% [21]. The major disadvantage of using
ozone, however, is certainly the possible formation of toxic by-products starting from the
biodegradable substances contained in the wastewater.

Adsorption is also one of the commonly used methods for chromaticity removal in
wastewater treatment with many advantages such as simple operation, high efficiency,
environmental friendliness, and reusable adsorbent [22,23]. Activated carbon (AC) is one
of the most commonly used adsorbents, which has the characteristics of high adsorption
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capacity, large surface area, and many pores. But the costs related to the regeneration of
the AC are high.

Using homogeneous or heterogeneous catalysts is one of the possible opportunities
for accelerating ozonation reactions. Some researchers found that AC combined with ozone
oxidation could enhance the decolorization or pollutants removal effect, with AC playing
two roles of adsorption and catalysis [24,25].

At present, there is little research on AOPs applied in the chromaticity of salicylic hy-
droxamic acid wastewater from mineral processing. The main aim of the present work was
to study the factors affecting the chromaticity removal ratio of mineral processing wastew-
ater with different methods such as AC adsorption, ozone oxidation, and AC catalyzed
ozonation. This study also focused on and provided a reference for a practical treatment
project of salicylic hydroxamic acid wastewater from tungsten mineral processing.

2. Materials and Methods
2.1. Materials
2.1.1. Preparation of Experimental Wastewater

The wastewater used in this experiment was prepared based on the investigation of
the effluent characteristics from the tailing reservoir of a tungsten ore dressing plant in
Hunan Province. It was convenient to change certain factors with simulated wastewater
and find out the common solution of this kind of flotation wastewater. Meanwhile, it
was difficult to study the degradation mechanism of target pollutants due to the complex
composition of actual flotation wastewater. The salicylic hydroxamic acid concentration
of the simulated wastewater was 100 mg/L, sodium carbonate was added to adjust the
pH to 8. The simulated wastewater was sealed after mixing evenly, then exposed to
natural light for about 10 days until the chromaticity gradually reached about 600. Salicylic
hydroxamic acid in the simulated wastewater would produce salicylic acid, which then
could be oxidized to benzoquinone species in sunlight or air, with a resulting yellow-brown
in chromaticity.

2.1.2. Chemicals

Commercially sourced salicylic hydroxamic acid and sodium carbonate used in all
experiments were purchased from Aladdin (analytical purity, Aladdin Reagent Co. Ltd.,
Shanghai, China). Potassium hexachloroplatinate and cobalt chloride hexahydrate were
purchased from Sinopharm (analytical purity, Sinopharm Group Chemical Reagent Co.
Ltd., Shanghai, China). Hydrochloric acid and sulfuric acid were purchased from Beijing
Chemical Plant (analytical purity, Beijing Chemical Plant, Beijing, China).

Granular activated carbon (GAC) was obtained from Huayu Activated Carbon Man-
ufacturing Plant in Chengde, China (1.5 mm diameter, 1050 m2/g specific surface area,
800–1100 mg/g iodine adsorption value, and 0.9 cm3/g total pore volume). GAC was
screened through a 200 mesh sieve, then thoroughly washed with deionized water, dried
at 105 ◦C (Shanghai Jingqi Instrument Co., Ltd., DHG-9243A, Shanghai, China) for 8 h, and
stored in a desiccator until use in catalyzed ozonation experiments.

2.2. Experimental Setup

The O3 reaction setup is shown in Figure 1. It was mainly made of high borosilicate
glass and an ozone generator (3S-A5, Tonglin Technology, Beijing, China). The height of
the reactor was 500 mm, the outer and inner diameter was 70 and 65 mm, respectively,
and the effective volume was 1.5 L. The flow rate of O3 gas could be controlled within
100 mL·min−1 in the reactor. The gas distributor in the reactor was a titanium plate
with about 20–30% open porosity, and the average pore size of microporous was about
17 µm. The absorption solution of ozone reaction tail gas was KI solution with 1.5 mol/L
concentration and 5 L capacity.
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Figure 1. Schematic of the ozonation treatment process.

2.3. Experimental Procedure
2.3.1. Adsorption Experiment of GAC

The simulated salicylic hydroxamic acid wastewater 500 mL with chromaticity 600 was
sampled and put into the beaker. The prepared GAC dosage 0.03, 0.06, 0.09, 0.12, 0.15,
and 0.18 g/L was added into the former solution respectively, then mixed with a magnetic
stirrer to adsorption equilibrium, the chromaticity of treated supernatant was analyzed to
evaluate the treatment effect.

2.3.2. Ozone Oxidation Experiment

The main influencing factors such as initial pH value, ozone concentration, and
reaction time were investigated to analyze the effect on chromaticity. According to the
control variable method, individual ozone oxidation experiments were operated through
adjusting pH 3, 4, 5, 8, and 9, ozone concentration 1.3, 2, 2.8, 4, 6, and 8 mg/L, and reaction
time 10, 20, 40, 60, and 80 min respectively.

2.3.3. GAC Catalytic Ozonation Experiment

Based on the results of the former individual GAC adsorption and ozonation exper-
iments, orthogonal experiments with four factors (pH value, ozone concentration, GAC
dosage, reaction time) and three levels were designed to discuss the simulated wastew-
ater chromaticity and CODCr removal effect and determine the optimal experimental
parameters.

The flow chart diagram for experimental procedure design with operation conditions
is shown in Figure 2.
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Figure 2. Flow chart diagram for experimental procedure design.

2.4. Analysis

The chromaticity of simulated wastewater was measured by visual colorimetry (Na-
tional standard analysis method, GB/T 605-2006), CODcr was characterized with UV-Vis
spectrophotometer (UV3000PC, Mapada, Shanghai, China), pH value was performed by
pH meter (PHS-3C, Raytheon, Shanghai, China), and O3 concentration was analyzed by
iodometry. All the data presented in this study were the mean of triplicate experiments.

3. Results and Discussion
3.1. Effect of GAC Dosage on Chromaticity Removal

In order to explore the effect of GAC adsorption on color removal, the experiments
were carried out at various dosages, ranging from 0.03 g/L to 0.18 g/L, initial chromaticity
was at a constant value of 600. The effect of GAC dosage on chromaticity removal from
simulated wastewater is shown in Figures 3 and 4.

Figure 3. Granular activated carbon (GAC) dosage effect on chromaticity removal from simulated
wastewater.
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Figure 4. Chromaticity of simulated wastewater.

The chromaticity removal increased with GAC dosage increasing when the adsorp-
tion time was 2 h, which was enough to reach adsorption equilibrium according to the
preliminary experiments. When GAC dosage increased from 0.03 to 0.18 g/L, the chro-
maticity removal ratio increased from 41.7 to 83.3%, the chromaticity of effluent decreased
from 350 to 100. The higher dosage of adsorbent caused greater availability of the surface
area and exchangeable binding sites, which had similar results as the previously reported
research [26,27]. GAC had a good removal effect on the chromaticity of the simulated
wastewater, but the effluent chromaticity could not meet the standard limit requirements
of 30 [28]. It showed that the adsorption point had exceeded the required amount when
the dosage of GAC was more than 0.15 g/L, and the binding force of chromophores and
GAC became the decisive factor of adsorption [29].

3.2. Ozonation Effects of Operation Parameters on Chromaticity Removal
3.2.1. pH Value

The pH value is one of the important influencing factors during the ozonation process.
In order to determine the effect of the pH value on chromaticity removal, the pH value var-
ied from 3 to 9 adjusted with sulfuric acid, ozone concentration was 6 mg/L, and samples
were taken out for analysis at different reaction times. The results are shown in Figure 5.

Figure 5. Effect of pH value on chromaticity removal from simulated wastewater.
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Under the acid condition, the chromaticity removal ratio of simulated wastewater
increased with the decline of pH value when the reaction time was the same. A low
pH value was helpful for o-benzoquinone oxidized by ozone to open the ring resulting
in the declined chromaticity [30]. With the extension of reaction time, the chromaticity
removal ratio of simulated wastewater increased rapidly within 20 min reaction time,
then increased slowly with reaction time further extended to 60 min, which was due to
o-benzoquinone rapidly degraded by ozone at the beginning 20 min, then the lower o-
benzoquinone concentration reduced the degradation rate. When the pH value was 5 and
the reaction time reached 60 min, the chromaticity removal ratio was only 52.8%. Under pH
value 3, the chromaticity removal ratio was up to 80%, and the chromaticity of effluent was
lower to 120.

Figure 5 demonstrates that changing the pH value of simulated wastewater to acidity
without ozone dosage could reduce the chromaticity when the reaction time was 0 min.
When the pH value was 3 and the reaction time was 0 min, the chromaticity removal ratio
could reach 33.44%, while the chromaticity removal ratio was only 16.57% when the pH
value was 5. Sulfuric acid was added to adjust the pH value of simulated wastewater which
resulted in a sulfonation reaction with phenol or the reduction of quinone to diphenol with
a reducing agent, thus the chromaticity decreased slightly.

Under the alkaline condition, the chromaticity of simulated wastewater increased
firstly to about 750 when the reaction time ranged from 0 min to 60 min, thus the chromatic-
ity removal ratio was about −25%. When the reaction time was extended, the chromaticity
removal ratio was enhanced rapidly. Under the experimental conditions with a reaction
time of 180 min and pH values of 8, 9 respectively, the chromaticity removal ratio could
reach 83.3% and 86%. O3 is easier to decompose in an alkaline aqueous solution to produce
hydroxyl radical with strong oxidation [31]. Therefore, the salicylic acid and phenolic
compounds in the simulated wastewater were oxidized to benzoquinones during the initial
60 min reaction, which resulted in the chromaticity increasing and the chromaticity removal
ratio showing negative [32]. Then the produced quinones were oxidized to ring-open,
and finally degraded rapidly to other small molecules, thus the chromaticity decreased
significantly [33]. According to the reported research results, the pH value affected the
decolorization process by affecting the rate of ozone decomposition and ozonation ki-
netics [34]. The rate of ozone decomposition was favored by the formation of hydroxyl
radicals at higher pH values [35]. Thus, the increase of pH value enhanced the chromaticity
removal efficiency during the ozonation process.

3.2.2. Ozone Concentration

According to the results shown in Figure 5 and considering the energy consumption
of the ozonation reaction, a pH of 3 was selected as the optimal value in the following
experiments. The effect of O3 concentration on chromaticity removal ratio was conducted
in the range of 1.3 to 8 mg/L by maintaining the rest of the operating conditions with a pH
value of 3 and a reaction time of 60 min. Figure 6 depicts that the low O3 concentration
could rapidly and effectively degrade the chromaticity of simulated wastewater. When O3
concentration was 1.3 mg/L, the chromaticity was reduced from the initial 600 to 180 and
the removal ratio was 70%. As the O3 concentration increased to 4 mg/L, the chromaticity
was reduced to 140 and the removal ratio was 76.7%. When the O3 concentration further
increased to 6 mg/L, the chromaticity removal ratio slightly rose to 77.3%. When the O3
concentration continuously increased to 8 mg/L, the chromaticity removal ratio maintained
constant. Under the acid condition, direct ozonation played an important role. O3 was a
selective oxidant, which has been suggested to react with aromatic and other electron-rich
components of dissolved organic matter by electron transfer reactions, and the amount
of O3 exceeded the required quantity for degradation of aromatic and other electron-rich
components, the O3 gas overflowed from the wastewater, which led to the O3 ineffectively
utilized [36].
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Figure 6. Effect of ozone concentration on chromaticity removal (pH value = 3).

3.2.3. Ozonation Time

The effect of ozonation time on chromaticity removal ratio was operated in the range
of 10 to 80 min by maintaining the rest of operating conditions as pH value 3 and ozone
concentration 6 mg/L. The experimental results were shown in Figure 7. The chromaticity
removal ratio increased with ozonation time in the range of 10 to 40 min. As ozonation
time was 40 min, the chromaticity removal ratio was up to 79%. When ozonation time was
prolonged to 80 min, the chromaticity removal ratio did not increase, which meant the
chromogenic substances such as o-benzoquinone, one of the main degradation intermedi-
ates and chromogenic substances, could mostly be degraded to catechol and maleic acid
within 40 min, the byproducts were similar to that reported in the literature [37].

Figure 7. Effect of ozonation time on chromaticity removal (pH value = 3).
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3.3. Catalytic Ozonation Effects on Chromaticity Removal
3.3.1. GAC Dosage

According to the results of the individual GAC adsorption experiments (Section 3.1)
and ozonation experiments (Section 3.2), with comprehensive consideration of the chro-
maticity removal ratio and treatment cost, the operating conditions were selected as pH
value 3, ozone concentration 6 mg/L, and ozonation time 40 min, the results, in Figure 8,
showed the effect of GAC dosage on the chromaticity removal. It was clear that the chro-
maticity of effluent decreased rapidly with the increasing GAC dosage in the range of 0.02
to 0.04 g/L. The chromaticity of effluent declined to 30 when GAC dosage was 0.04 g/L,
which met the primary emission requirements of the Integrated Wastewater Discharge
Standard (GB 8978, chromaticity less than 50) and the requirements of The Reuse of Urban
Recycling Water-Water Quality Standard for Industrial Uses (GB/T 19923, chromaticity less
than 30), and the chromaticity removal ratio reached 95.5%. As the GAC dosage increased
from 0.04 g/L to 0.06 g/L, the chromaticity of effluent reduced to 23, and the chromaticity
removal ratio increased slightly to 96.4%. Compared with the removal ratio of O3 oxida-
tion alone under optimal experimental conditions, catalytic ozonation could improve the
chromaticity removal ratio by about 26%. Meanwhile, catalytic ozonation with 0.03 g/L
GAC could greatly increase the chromaticity removal ratio by about 47%, compared to 0.03
g/L GAC adsorption with only a 41.7% removal ratio. Cai et. al. studied an advanced
treatment of printing and dyeing wastewater by the AC catalytic ozonation method, with
the optimal conditions as follows: pH value 11, reaction time 60 min, doped-AC catalyst
dosage 50 g/L, and ozone 6.5 mg/min, the removal ratio of color was 95.83% [38]. Soluble
O3 in an aqueous solution was adsorbed to the surface of the catalyst, a series of radical
chain transfers occurred to generate many hydroxyl radicals, which provided high oxida-
tion potential and could oxide the organic pollutants in wastewater [25]. With the increase
of GAC dosage, the surface-active sites of GAC also increased, thus GAC created a good
adsorption environment to promote the chromaticity removal. Meanwhile, GAC could also
promote more conversion of O3 molecules to stronger oxidative hydroxyl radicals [24,39].

Figure 8. Effect of GAC dosage on chromaticity removal (pH value = 3, O3 concentration = 6 mg/L,
ozonation time = 40 min).
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3.3.2. Orthogonal Experiment of Catalytic Ozonation

According to the previous research results, pH value, ozone dosage, GAC dosage,
and reaction time were selected as the four main factors in the orthogonal experiment
designing. The levels of the four factors and the analysis of the results of the L9 (34)
orthogonal experiment are presented in Table 1.

Table 1. Analysis of L9 (34) orthogonal experiment.

No. pH Value
Ozone

Concentration
(mg/L)

GAC Dosage (g/L) Reaction Time
(min)

Chromaticity
Removal Ratio

(%)

1 2.87 2 0.04 20 68.57
2 2.87 4 0.05 40 95.16
3 2.87 6 0.06 60 96.36
4 4.4 2 0.05 60 72.5
5 4.4 4 0.06 20 85
6 4.4 6 0.04 40 78.33
7 7 2 0.06 40 20
8 7 4 0.04 60 20
9 7 6 0.05 20 0

K1 260.09 161.07 166.9 153.57
K2 235.83 200.16 167.66 193.49
K3 40 174.69 201.36 188.86

Mean value 1 86.70 53.69 55.63 51.19
Mean value 2 78.61 66.72 55.89 64.50
Mean value 3 13.33 58.23 67.12 62.95

Range 73.36 13.03 11.49 13.31
Mean Square 4854.308 131.236 129.098 158.913

F value 37.618 1.016 1.000 1.231
Order of

precedence pH value > reaction time > ozone concentration > GAC dosage

According to the experimental results and the test of significance (F value) shown in
Table 1, the order of the influence of various factors on chromaticity removal ratio was: pH
value > reaction time > ozone concentration > GAC dosage. The results further indicated
that, compared with other experimental parameters, the pH value was more likely to
influence the chromaticity removal ratio, which was similar to the experimental result
of Razi, et al., in that the pH value of the solution turned out to be the most important
condition in the adsorption process for anionic dye, a low pH value was preferable in
contrast for cationic dye where the suitable pH value was high [40]. The optimal level of
the experimental parameters was pH value 2.87, O3 concentration 6 mg/L, GAC dosage
0.06 g/L, and reaction time 60 min respectively, with the chromaticity removal ratio
reaching 96.36% and the chromaticity of effluent only 20, which met the requirements of GB
8978 and GB/T 19923. These optimal levels of the experimental parameters were similar to
the treatment of methylene blue wastewater by catalytic ozonation using AC as a catalyst,
with the optimal experimental parameters as follows: reaction temperature 20 ◦C, catalyst
dosage 0.4 g/L, pH value 6, and methylene blue initial mass concentration 200 mg/L, with
the methylene blue removal ratio reaching about 100% and the COD removal ratio reaching
76.1% when the reaction time was 33 min [41].

3.4. Catalytic Ozonation Effects on CODCr, TOC and Chromaticity

The catalytic ozonation effects on CODCr and chromaticity removal were researched
based on the optimal experimental parameters obtained from the orthogonal experiment as
pH value 2.87, O3 concentration 4 mg/L, GAC dosage 0.06 g/L, and reaction time 40 min.
The results shown in Figure 9 revealed that the CODCr concentration of the initial simulated
wastewater increased from 191 mg/L to 205 mg/L when the pH value was adjusted to
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2.87 due to the hydrolysis and acidification of poly-quinone structure substances into
relatively small molecular structures such as o-benzoquinone. The CODCr concentration
further raised to 232 mg/L within a 2 min reaction time which was mainly attributed to the
quinone ring destruction of hydroquinone to maleic acid. Then the CODCr concentration
of effluent gradually declined to 133 mg/L when the ozonation time prolonged to 40 min,
and the CODCr removal ratio was 30.37%. During the ozonation degradation, most of
the maleic acid was decomposed into small molecular acids like formic acid which was
hard to be oxidized to carbon dioxide and water [42]. The results in Figure 9 show that
the chromaticity removal ratio of simulated wastewater was stably above 95% and the
chromaticity was lower than 30 under the optimal experimental parameters.

Figure 9. Treatment efficiency of CODCr and chromaticity under the optimal conditions.

Under the optimal experimental conditions, the salicylic hydroxamic acid and min-
eralization ratio of the simulated flotation wastewater by O3 oxidation at different times
were analyzed as shown in Figure 10. As the oxidation time extended, the salicylic hy-
droxamic acid and total organic carbon (TOC) removal ratio increased. During the first
10 min reaction time, the removal ratio of salicylic hydroxamic acid was more than 80%,
but the TOC removal ratio was lower than 15%. When the ozonation time was prolonged
from 15 min to 40 min, the salicylic hydroxamic acid increased from 93.94% to 98.16%,
and the TOC removal ratio improved from 19.99% to 44.86%. It could be deduced that
salicylic hydroxamic acid was easy to be degraded in the process of ozonation, but other
intermediate products were stable and difficult to be mineralized completely. Chang et al.,
detected oxidation byproducts of salicylic acid during the O3 process, catechol, maleic acid,
and oxalic acid were chain compounds, but the mineralization ratio was low [37].
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Figure 10. Treatment efficiency of salicylic hydroxamic acid and TOC under the optimal conditions.

3.5. Degradation Mechanism of Chromaticity
3.5.1. Ultraviolet Absorption Spectrum

The simulated flotation wastewater with salicylic hydroxamic acid ozonated at dif-
ferent times was analyzed by ultraviolet absorption spectrum, which was collected in
the wavelength range of 190 to 1100 nm and a minimum wavelength interval of 0.1 nm.
The analysis results are shown in Figure 11.

Figure 11. The ultraviolet absorption spectrum of salicylic hydroxamic acid with different ozonation times.

The two characteristic absorption peaks at 296 nm and 204 nm of salicylic hydrox-
amic acid decreased with the prolonged ozonation time, which showed the characteris-
tic functional group of salicylic hydroxamic acid being destroyed effectively. The peak
(λmax = 296 nm) of absorption red-shifted was changed to 303 nm after 10 min ozona-
tion. According to the literature, the characteristic absorption peak of salicylic acid was
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λmax = 303 nm, which prove that salicylic acid was an intermediate of salicylic hydroxamic
acid during the ozonation process. Salicylic hydroxamic acid was synthesized from salicylic
acid and easily hydrolyzed to salicylic acid. There was a new characteristic absorption
peak of o-benzoquinone at 240 nm after 10 min ozonation time, which gradually weakened
with the increased O3 reaction time. This experimental result was similar to the ozonation
combined biodegradation process mechanism of salicylic hydroxamic acid [43].

3.5.2. HPLC Analysis

According to the previous research achievements, salicylic acid as an intermediate
of salicylic hydroxamic acid oxidation by O3 could be degraded to o-benzoquinone and
catechol. Some literature showed that butene diacid was the main product of hydroxyl
through aromatic compounds oxidation [29,36,37].

The HPLC analysis conditions of salicylic acid, o-benzoquinone, catechol, and maleic
acid were as follows: column was SB-C18 (250 mm × 4.6 mm, 5 µm), sample volume
was 10 µL, the flow rate of mobile phase was 0.8 mL·min−1, column temperature was
30 ◦C, the mobile phase was acetonitrile-water (35:65, volume ratio) solution, the pH
value of the water sample and standard reserving solution was 4 adjusted with acetic
acid. The chromatogram and retention time of the mixed standard solution is shown
in Figure 12.

Figure 12. HPLC chromatogram of mixed standard solution.

Under the detection conditions, comparing the HPLC chromatogram of the effluent,
the salicylic hydroxamic acid wastewater oxidated by O3 after 5, 10, 20, and 40 min, the
types of residual intermediate products were listed as follows: salicylic hydroxamic acid
was mainly degraded to salicylic acid, o-benzoquinone, and catechol after 5 min ozonation.
When the ozonation time was extended to 10 min, salicylic acid, o-benzoquinone, catechol,
and maleic acid could be detected. When the ozonation time was prolonged to 20 min, the
intermediate products of salicylic acid, o-benzoquinone, catechol, and maleic acid were all
tested but the amount was declined. For ozonation of 40 min, the intermediate product
was only maleic acid [37]. Thus, the degradation pathway of salicylic hydroxamic acid by
ozonation could be inferred as follows:

salicylichydroxamicacid→ salicylicacid→ catechol→ o− benzoquinone→ maleicacid→ CO2 + H2O (1)
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Salicylic hydroxamic acid was first oxidized and decomposed to salicylic acid and
hydroxylamine. As the reaction carried through, the carboxyl group on the benzene ring of
salicylic acid was attacked by ·OH, the hydroxyl group of salicylic acid provided electron
for the benzene ring and made the hydroxylation reaction easily take place at the carboxyl
group position, thus the salicylic acid was degraded to catechol. This was the characteristic
reaction between ·OH and aromatic compounds, in other words, it was a substitution
reaction between ·OH and the aromatic ring which resulted in aromatic hydroxylation.
Catechol was further oxidized to o-benzoquinone, then o-benzoquinone was attacked
by ·OH to form small molecule maleic acid by the ring-opening reaction. After 40 min
ozonation, a portion of maleic acid remained in the wastewater, which showed that salicylic
hydroxamic acid could not be totally mineralized to CO2 and H2O.

4. Conclusions

This research investigated an efficient chromaticity removal method with GAC cat-
alytic ozonation. Based on the optimal experimental parameters as pH value 2.87, O3 con-
centration 4 mg/L, GAC dosage 0.06 g/L, and reaction time 40 min, the chromaticity
removal ratio of simulated wastewater was above 95% and the chromaticity was lower
than 30, which met the primary emission requirements of the Integrated Wastewater
Discharge Standard (GB 8978, chromaticity less than 50) and the requirements of The
Reuse of Urban Recycling Water-Water Quality Standard for Industrial Uses (GB/T 19923,
chromaticity less than 30). A comprehensive analysis of the above experimental results,
comparing the chromaticity removal effect and treatment cost, obviously showed that
the ozone oxidation method under acidic conditions was more suitable for the treatment
of high chromaticity simulated wastewater. The release of colored flotation wastewater
from the tailing reservoir into the environment was a source of problem for the aquatic
ecosystem with the commonly used coagulation and sedimentation treatment methods.
This GAC catalytic ozonation method could provide strong support for the chromaticity
removal in an actual mineral flotation wastewater treatment process.
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