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a b s t r a c t
Phosphorus removal from glyphosate wastewater is a common problem that requires an urgent 
solution. In this study, ozone-catalyzed oxidation coupled with coagulation is used to treat glypho-
sate-simulated wastewater. The effect of ozone dosage, hydrogen peroxide, pH, reaction time, and 
amount of catalyst on the efficiency of glyphosate removal, color, biological toxicity, total phosphorus, 
organic phosphorus, and inorganic phosphorus are studied in ozone-catalyzed oxidation. Afterward, 
the effect of coagulant species, pH, dosage, stirring rate, stirring time, and water temperature on the 
efficiency of glyphosate removal, total phosphorus, organic phosphorus, and inorganic phosphorus 
by coagulation process are also investigated. The removal rates of glyphosate and chroma reach 
56.97% and 93.75%, respectively, at the optimal conditions of ozone-catalyzed oxidation, and the 
biological toxicity of wastewater changes from high to low. Ozone-catalyzed oxidation can effec-
tively reduce color and wastewater biological toxicity. After the ozone-catalyzed coupled coagulation 
treatment, the removal rates of glyphosate, total phosphorus, organic phosphorus, and inorganic 
phosphorus by the coagulation process reach 71.13%, 93.75%, 90.48%, and 96.3%, respectively, at 
optimal conditions. This study demonstrates the effectiveness and superiority of ozone-catalyzed 
oxidation and coagulation coupling for glyphosate degradation.
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1. Introduction

Developed to replace organochlorine pesticides, organo-
phosphorus pesticides are now widely used in various 
countries worldwide due to their advantages, such as high 
efficacy, low harm, and low residual toxicity [1]. The heavy 
use of glyphosate considerably promotes agricultural devel-
opment, but its residues cause increasing environmental pol-
lution that has generated widespread concern [2]. Different 
levels of resulting pollution to water sources, soil, air, and 
ecosystems lead to the necessity of urgently determining 

how to treat glyphosate-containing wastewater efficiently 
and cost-effectively [3].

Various wastewater treatment processes are gradually 
developed to reduce glyphosate concentration in water 
environment and reduce its damage to natural ecosystems 
and human health [4]. Traditional glyphosate wastewa-
ter treatment mainly uses the strong oxidation of Fenton 
reagent to degrade glyphosate [5]. The Fenton method can 
oxidize toxic and harmful substances in wastewater into 
small molecules or inorganic substances, reducing the dif-
ficulty for subsequent processing [6]. However, the Fenton 
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reaction process requires a large amount of reagents such 
as acid, alkali, and hydrogen peroxide. In addition, the 
reaction produces an iron sludge that is a hazardous waste, 
which substantially increases the wastewater treatment 
operation cost of pesticide companies [7]. As an alternative 
to the Fenton method, ozone-based advanced oxidation 
technology has attracted research attention due to its good 
oxidation effect, safety, and absence of residue. Exploring an 
easy-to-operate and highly practical ozone oxidation system 
has far-reaching significance for actual organic phosphorus 
wastewater treatment [8]. At present, H2O2/O3 is a widely 
used system in ozone-based advanced oxidation technol-
ogy. The system has satisfactory removal of organic matter 
under alkaline conditions [9]. However, under acidic water 
body conditions, H2O2 is difficult to deprotonate and cannot 
effectively stimulate ozone to generate hydroxyl radicals 
[10]. As such, the degradation efficiency of organic matter 
decreases. Therefore, the use of metal catalysts can improve 
the efficiency of H2O2/O3 system degradation of organic 
matter. Simultaneously, the reaction mode of hydrogen per-
oxide and ozone is shown in Eqs. (1)–(5) [11,12].

O H 2e H O2 22 2+ + →− 	 (1)

2 2 2 33 2 2 2 2O HO H O HO O OH HO+ + + → + + +− −• −• 	 (2)

O e O3 32+ →− •− 	 (3)

O H O HO O HO3 2 2
•− −+ → + +· 	 (4)

H O O h HO H O22 2 23 2+ + → +•υ 	 (5)

The largest problem in glyphosate wastewater treat-
ment is how to convert more organic phosphorus into 
orthophosphate and from there, remove the inorganic 
phosphorus using chemical precipitation [13,14]. Therefore, 
this study investigates the applicability and effectiveness of 
ozone-catalyzed coupled coagulation in the pretreatment 
of glyphosate wastewater. First, the strong oxidizing prop-
erty of hydroxyl radicals generated by ozone oxidizes the 
organic phosphorus in glyphosate to an inorganic phos-
phorus (phosphate) form that is easily coagulated and 
precipitated by a coagulant [15,16]. The larger flocculent 
precipitate is formed by coagulation, and can improve 
sedimentation to effectively remove the phosphorus in 
wastewater. In this thesis, various factors affecting the 
optimal treatment of ozone-catalyzed oxidation coupled 
coagulation to treat glyphosate wastewater are studied 
[17]. We hope that the findings can be used to treat gly-
phosate wastewater through ozone-catalytic oxidation cou-
pled coagulation and provide certain technical references. 
Moreover, a method that can quickly pretreat high glypho-
sate wastewater is desirable to address the shortcomings of 
the existing technology while improving the efficiency of 
wastewater treatment [18]. For example, the single ozone 
oxidation method has low removal efficiency of total phos-
phorus, and coagulation cannot effectively remove organic 
phosphorus and matter [19].

This experiment first studies the effects of ozone dos-
age, hydrogen peroxide dosage, pH, reaction time, and 
catalyst ratio on the catalytic oxidation of ozone to remove 
glyphosate, color, and biological toxicity from simulated 
wastewater. The effects of ozone-catalyzed oxidation and 
coagulation–precipitation coupling on the removal of gly-
phosate, chroma, and biological toxicity are discussed. The 
initial pH, reaction temperature, coagulant concentration, 
coagulant dosage, coagulant type, stirring time, and stirring 
rate are studied to remove glyphosate, total phosphorus, 
organic phosphorus, inorganic phosphorus, and biologi-
cal toxicity. During the reaction, the changes in the spectral 
characteristics of water samples are analyzed.

2. Materials and methods

2.1. Materials

Chromatographically pure n-hexane and analytical 
grade potassium persulfate, ascorbic acid, ammonium 
molybdate, silver sulfate, ferrous ammonium sulfate, potas-
sium dichromate, concentrated sulfuric acid, anhydrous 
sodium sulfate, 4-aminoantipyroline, ammonium chloride, 
ammonia, potassium ferricyanide, polyaluminum chloride, 
polyaluminum sulfate, polysulfuric acid iron, polyferric 
chloride, polyaluminum ferric sulfate, polyaluminum ferric 
chloride, and polyammonium polyacrylate were purchased 
from Sinopharm Shanghai Chemical Reagent Company, 
China. The glyphosate isopropylamine salt content, pur-
chased from Weifang Aofeng Crop Disease Control Co., 
Ltd. (China), was 41%. Ozone catalyst was prepared in 
this laboratory, and the work about preparation and char-
acterization were shown in our previous paper [17]. The 
ozone catalyst used in this study was Fe-Co@Al2O3. The 
iron and cobalt of ferric chloride and cobalt nitrate were 
loaded on the surface of activated alumina microspheres 
by gel–sol impregnation method, and the ozone catalyst 
Fe-Co@Al2O3 under the condition of calcination at 550°C 
in a muffle furnace was obtained. In this experiment, the 
glyphosate-simulated wastewater selected was light blue 
and transparent, with a slightly pungent odor, concentra-
tion of 33.4 mg/L, and pH of 7.1.

2.2. Experiments

An ozone generator (CF-G-3-010g, Qingdao Guolin 
Company, Qingdao, China) and an ozone detector (ozone 
detector, LontecLT-200B, Qingdao Langke Electronic Tech
nology Co., Ltd., Qingdao, China) were used in the prepa-
ration of O2/O3 mixed gas. The mixed gas was passed into 
a self-made plexiglass reactor placed in an electric heating 
thermostatic water bath, and a certain amount of catalyst 
was weighed. Using the same electronic balance, a certain 
amount of coagulant was weighed, then a certain amount 
of distilled water was added and stirred with a tempera-
ture-controlled magnetic stirrer for 10 min to obtain a coag-
ulant solution. The peristaltic pump was used to recycle the 
wastewater in the O3 reactor. Under optimal reaction condi-
tions of ozone-catalyzed oxidation, the effect of coagulation 
and sedimentation on the glyphosate wastewater treat-
ment was studied through single-factor optimization 
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experiments. The types of coagulant, coagulant dosage, 
coagulant concentration, initial effects of pH, stirring rate, 
stirring time, and reaction temperature on the removal 
rate of glyphosate, total phosphorus, organic phosphorus, 
inorganic phosphorus, and biological toxicity in solution 
are likewise studied. Dilution multiple methods were used 
to measure the chromaticity of wastewater and the safety 
rapid detector (BHP9514, Beijing Hamamatsu, China) for 
drinking water was used to determine the luminous rate of 
water samples relative to pure water. Potassium persulfate 
was used for high-temperature digestion and oxidation, 
and ammonium molybdate spectrophotometry (GB11893-
1989) through an ultraviolet spectrophotometer (UV2600, 
Shimadzu Corporation, Japan) was used to determine the 
total phosphorus (TP) concentration in water samples at 
700  nm. Phosphate (PO4

3–) concentration was measured 
by high-performance liquid chromatography (LC-20A, 
Shimadzu Corporation, Japan) to obtain the relevant con-
version rule of phosphorus. Organic phosphorus was totally 
different from phosphate. Chroma is tested by Colorimeter 
(Hash LICO620 Desktop Colorimeter, HACH, USA). 
Chroma is an indicator for quantitative determination of 
the color of various treated waters, and it indirectly reflects 
the removal rate of colored organic matter in wastewater.

3. Results and discussions

3.1. Degradation of glyphosate by ozone-catalytic oxidation

3.1.1. Effects of ozone dosage on glyphosate degradation

Fig. 1 shows that the removal rate of glyphosate and 
solution color increases with ozone dosage. Toxicity 
decreases from the original poisoning to low toxicity. When 
the dosage reaches 25  mg/L, glyphosate and chroma are 
removed and toxicity is greatly reduced. The removal rate 
of glyphosate and chroma is 100.00% at 30 mg/L.

In a slow kinetic reaction system, direct and indirect 
ozone reactions remove glyphosate from water by compet-
ing for ozone depletion. Ozone oxidation is generally in a 
rapid kinetic system in the first stage [20]. Direct oxidation 
of ozone degrades glyphosate in wastewater, and the rates 
of these processes increases as the ozone concentration 

increases [21]. The biological toxicity of glyphosate thus 
decreases. In addition, glyphosate decomposition and color 
removal accelerates because ozone can self-decompose in 
water to produce a strong oxidizing hydroxyl radical (HO•) 
[22]. The removal rate of glyphosate is 99.09% at 25 mg/L, 
which is therefore the optimal ozone dosage.

3.1.2. Effect of hydrogen peroxide dosage on glyphosate 
degradation

Fig. 2a shows that the removal rate of glyphosate and 
chromaticity gradually increases with increasing amount 
of hydrogen peroxide. When the amount of hydrogen per-
oxide reaches 0.20%, the removal rate of glyphosate and 
chroma are 74.24% and 100.00%, respectively.

In the O3/H2O2 reaction system, strong oxidative hydroxyl 
radicals are generated. As the hydrogen peroxide concen-
tration increases, the concentration of generated hydroxyl 
radicals and the removal rate of glyphosate increase [23]. 
The amount of ozone in the system is limited and when 
depleted, the effective components in the system decrease, 
and the removal efficiency reaches a bottleneck. The concen-
tration of hydrogen peroxide may reach a critical concentra-
tion, which inhibits the reaction from proceeding [24]. Fig. 
2b shows that the relative luminous rate initially increases 
and then decreases. In addition, the biological toxicity of the 
solution changes from low to poisoning, which is due to the 
production of more toxic substances during the reaction [25]. 
The removal rate of glyphosate increases with an increasing 
amount of hydrogen peroxide, but the solution toxicity also 
increases. Therefore, the optimal amount of hydrogen perox-
ide is 0.05‰.

3.1.3. Effect of pH on glyphosate degradation

In ozone oxidation, the increase in pH can improve the 
removal efficiency of organic matter. Fig. 3a shows that 
the removal rate of glyphosate at pH  =  4 is 29.09%. With 
the increase of pH, the removal rate of glyphosate shows a 
steady upward trend and reaches its peak of 40.5% at pH = 9. 
At this pH, biological toxicity is also at its lowest, as shown 
in Fig. 3b.

Fig. 1. Effects of ozone dosage on glyphosate degradation: (a) glyphosate and chroma removal rates and (b) relative luminosity.
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In acidic conditions, protons can scavenge hydroxyl 
radicals and reduce removal efficiency [26,27]. Moreover, 
in acidic condition, protons can directly react with perox-
ide and produce water [28]. In the alkaline system, a large 
amount of OH– in the water can accelerate the hydrolysis 
rate of glyphosate in the solution and promote the reaction 
between ozone and hydrogen peroxide to generate more 
active hydroxyl radicals [29]. The chain reaction generates 
more active free radicals, accelerates the decomposition of 
glyphosate, and accordingly increases the removal rate of 
glyphosate. When the pH value continues to increase, the 
reaction of the hydroxyl radicals in the system weakens, lead-
ing to decreased glyphosate degradation and removal rates 
[30]. In a steady-state, the chroma removal rate is approxi-
mately 75%. Therefore, for the reaction, the optimum pH is 9.

3.1.4. Effect of reaction time on glyphosate degradation

Fig. 4 shows that the removal and relative luminous rates 
of glyphosate increase with the reaction time. The removal 
rate of glyphosate increases from 25.2% at 5 min to 41.8% at 

20 min. Then the reaction time increases but the removal rate 
and solution toxicity remain almost unchanged. The chroma 
removal rate is consistent at 75.0%.

These results can be explained as follows. The degrada-
tion rate is relatively fast in the early stages of the reaction 
when the concentration of dissolved ozone in the water is 
relatively high. Part of the ozone is involved in the reaction 
and therefore begins to decay and gradually decreases the 
degradation rate as the reaction time increases [31]. Another 
possibility is that during the rapid ozone reaction, glypho-
sate is partially mineralized to generate a large amount of 
carbonate/bicarbonate ions, which quenches the generated 
hydroxyl radicals and slows down the reaction rate [32]. 
Therefore, the optimal reaction time is 20 min.

3.1.5. Effect of catalyst radio on glyphosate degradation

Fig. 5 shows that glyphosate degradation, chroma 
removal, and relative luminosity rates increase simultane-
ously with the increase of the catalyst ratio at ozone dosage 
10  mg/L and hydrogen peroxide dosage 0.05‰. When the 

Fig. 2. Effects of hydrogen peroxide dosage on glyphosate degradation: (a) glyphosate and chroma removal rates and 
(b) relative luminosity.

Fig. 3. Effects of pH on glyphosate degradation: (a) glyphosate and chroma removal rates and (b) relative luminosity.
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catalyst ratio is 0, the removal rates of glyphosate and chroma 
are 41.82% and 75%, respectively. When the ratio increases 
to 10, the removal rates increase to 57.27% and 93.75%, 
respectively. In addition, the total organic carbon removal 
rate is 18.9% after 30 min of ozone catalytic oxidation.

The increase of catalyst ratio provides more high-quality 
mesoporous structure for glyphosate adsorption and ozona-
tion decomposition. Moreover, active surface materials can 
catalyze ozone to generate hydroxyl radicals, accelerating 
glyphosate degradation [33]. The further increase of the cata-
lyst ratio adsorbs newly generated oxygen-containing nega-
tive ions such as HO2– and O2

•–, which slow down the ozone 
decomposition and maintains the removal rate. Thus, the 
optimum catalyst ratio is 10.

3.2. Glyphosate degradation through combined ozone-catalytic 
oxidation and coagulation

3.2.1. Effect of coagulants on glyphosate removal

Fig. 6 shows the change rules of coagulation treatment 
simulated water samples with different types of coagulant 

glyphosate, total phosphorus, organic phosphorus, inor-
ganic phosphorus, and biological toxicity. Under the same 
dosage and concentration, the removal rate of calcium 
chloride is less than those of other types of coagulants, of 
which those of iron-based coagulants are high. For alumi-
num coagulants, the treatment effect of composite polymers 
is better than that of polymers, which is consistent with the 
findings of related research. Therefore, the best coagulant 
is polymeric aluminum ferric sulfate (PAFS), with removal 
rates for glyphosate, total phosphorus, organic phosphorus, 
and inorganic phosphorus at 70.83%, 47.62%, and 88.89%, 
respectively.

Coagulants can remove glyphosate from solutions through 
destabilization and adsorption bridging. The changes of 
total phosphorus and inorganic phosphorus are the same, 
but the removal of the former is larger than that of the lat-
ter because the ozone-catalyzed oxidation converts most of 
the phosphorus in glyphosate to phosphate inorganic phos-
phorus [34]. A portion of the glyphosate is decomposed 
into other small organic phosphorus-containing substances 
that can be removed by coagulation precipitation and 
co-precipitation. PAFS has better dephosphorization effect 

Fig. 4. Effects of reaction time on glyphosate degradation: (a) glyphosate and chroma removal rates and (b) relative luminosity.

Fig. 5. Effect of catalyst dosage on glyphosate degradation: (a) glyphosate and chroma removal rates and (b) relative luminosity.
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than other coagulants because it combines iron salt and 
phosphate with more stable iron phosphate precipitation 
and aluminum salt alum and has strong adsorption capac-
ity. PAFS generates precipitates by phosphate reaction and 
high-charged aluminum-iron polynuclear complex ions or 
metal hydroxide gels after hydrolysis, which can produce 
cohesive bridge flocculation and sweeping precipitation 
on phosphate precipitates [35]. Phosphate precipitation is 
adsorbed and co-precipitated, thereby achieving thorough 
phosphorus removal. Additionally, the experiments of PAFS 
and other coagulants coagulation treatment of glyphosate 
wastewater are added, and the removal efficiency of gly-
phosate by PAFS and other coagulants is less than 20%. This 
shows that the soluble organic phosphorus cannot react 
with the iron ions (aluminum and calcium ion) in PAFS 
and other coagulants, and the coagulation process alone 
cannot effectively remove the soluble organic phosphorus.

3.2.2. Effect of initial wastewater pH value on glyphosate 
removal

Fig. 7 shows that as the initial pH increases, the removal 
rates of various indicators initially increase then decrease, 
and reach their maximum values when the pH is 6–8. When 
pH is 8, the removal rates of glyphosate, total phosphorus, 
organic phosphorus, and inorganic phosphorus are 91.41%, 
72.92%, 52.38%, and 88.89%, respectively.

PAFS is a cationic coagulant and has a strong positive 
charge, whereas the surface of colloidal particles in domes-
tic sewage generally has a negative charge. Both undergo 
strong electrical neutralization and adsorption bridging. 
At low pH value, an acidic solution has countless cations 
that are not conducive to PAFS hydrolysis [36]. The elec-
trical neutralization and adsorption bridging of PAFS then 
decrease, which is not conducive to the removal of inor-
ganic phosphorus, and the biological toxicity increases. At 
extremely high pH, the simulated solution is alkaline and 
contains more OH–, which neutralizes the positive charge 
of PAFS [37]. Therefore, the amount of charge carried by 
PAFS decreases and becomes electrically neutralizable. 

PAFS decreases, and OH– replaces PO4
3– in iron hydroxy-

phosphate and aluminum hydroxyphosphate to generate 
hydroxide precipitation. At this point, the adsorption of 
hydroxide flocs of iron and aluminum mainly removes the 
phosphorus at decreasing rate, resulting in coagulation [38]. 
This effect is undesirable as the removal rate of glyphosate 
and inorganic phosphorus decreases. Therefore, pH 8 is 
suitable.

3.2.3. Effect of coagulant dosage on glyphosate removal

Fig. 8a shows that the removal rate of phosphorus 
shows a rapid upward trend as the coagulant dosage 
increases, especially from 20 to 150  mg/L. At these dos-
ages, the respective removal rates are as follows: inor-
ganic phosphorus increases by 62.96% (29.63%–92.59%); 
total phosphorus increases by 58.33% (22.92%–81.25%); 
glyphosate increases by 52.82% (11.27%–64.08%); and 
organic phosphorus increases by 52.38% (14.29%–66.67%). 
The biological toxicity decreases. However, as the dosage 
continues to increase, the removal rate of inorganic phos-
phorus does not increase substantially. Fig. 8b shows that 
the biological toxicity of the solution decreases due to the 
increase of the above removal rates.

The results indicate that when the amount of PAFS 
coagulant exceeds 150  mg/L, the surface saturation of 
the coagulant will reach its peak, and a stable state occurs 
[39]. Additional PAFS in excess causes the adsorption sur-
face of flocs to contain phosphorus substances, which have 
macromolecules that repel one another [40]. Therefore, con-
sidering the generation of sludge and the treatment cost, 
the optimal coagulant dosage is 150 mg/L.

3.2.4. Effect of mixing intensity on glyphosate removal

Fig. 9 shows that the removal rates steadily increase 
with the stirring rate. When the stirring rate is 100  rpm, 
the removal rates of glyphosate, total phosphorus, organic 
phosphorus, and inorganic phosphorus are 66.20%, 87.50%, 
76.19%, and 96.30%, respectively. When the stirring rate 

Fig. 6. Effect of coagulants on glyphosate removal: (a) glyphosate, total phosphorus, organic phosphorus, and inorganic phosphorus 
removal rates and (b) relative luminosity.
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Fig. 7. Effect of pH on glyphosate removal: (a) glyphosate, total phosphorus, organic phosphorus, and inorganic phosphorus 
removal rates and (b) relative luminosity.

Fig. 8. Effect of coagulant dosage on glyphosate removal: (a) glyphosate, total phosphorus, organic phosphorus, and inorganic 
phosphorus removal rate and (b) relative luminosity.

Fig. 9. Effect of mixing intensity on glyphosate removal: (a) glyphosate, total phosphorus, organic phosphorus, and inorganic 
phosphorus removal rates and (b) relative luminosity.
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increases to 120 rpm, the removal rates remain unchanged 
or even decrease. Fig. 9b shows that the biological toxicity 
of the solution has a low correlation with changes in 
stirring rate.

This result may be caused by PAFS removing phospho-
rus-containing substances in water bodies mainly through 
electrical neutralization and adsorption bridging [41]. When 
the stirring speed is low, then PAFS cannot fully contact the 
phosphorus-containing substances in the sewage, and the 
coagulant charge and adsorption bridging decreases, result-
ing in poor coagulation. If the stirring speed is high, then 
the phosphorus-containing flocs are broken and returned to 
the solution due to the shearing force in the water, which 
weakens the adsorption bridging and net capture sweeping 
effect of the coagulant [42]. This state is not conducive to 
coagulation. Therefore, the optimal stirring rate is 100 rpm.

3.2.5. Effect of mixing time on glyphosate removal

Fig. 10a shows that the removal rates of glyphosate, total 
phosphorus, organic phosphorus, and inorganic phospho-
rus initially increase and then decrease as the stirring time 
continues. When the stirring time is 5 min, the removal rates 
of glyphosate, total phosphorus, organic phosphorus, and 
inorganic phosphorus reach a maximum of 67.61%, 89.58%, 
80.95%, and 96.30%, respectively. The relative luminescence 
is 90.3%, as shown in Fig. 10b.

These results are obtained because at constant stirring 
rate, the stirring time determines the coagulation effect. In 
general, lengthening the stirring time improves the treat-
ment effect. A short stirring time causes insufficient contact 
between the PAFS molecules and phosphorus-containing 
substances, and the electrical neutralization and adsorption 
bridging of the coagulant decreases [43]. Lengthy stirring 
time destroys the formed flocs because of the shear force 
of the water body. The phosphorus-containing substances 
adsorbed by the coagulant are re-separated and released 
into the water body, which weakens the adsorption bridg-
ing and net capture sweeping effect of the coagulant [44]. 
As such, when the stirring time exceeds a certain range, 

the coagulant treatment efficiency decreases. Therefore, the 
optimum stirring time is 5 min.

3.2.6. Effect of wastewater temperature on glyphosate removal

Fig. 11a shows that the removal rate of inorganic 
phosphorus changes slightly with the increase of reaction 
temperature. The removal rate is stable at approximately 
95%, and the treatment effect is at its best. The removal rates 
of glyphosate, total phosphorus, and organic phosphorus 
initially increase and then decrease. At 35°C, the removal 
rates of glyphosate, total phosphorus, and organic phos-
phorus reach a maximum of 71.13%, 93.75%, and 90.48%, 
respectively. Fig. 11b shows that the relative luminosity of 
the solution reaches its maximum at 35°C, at which time the 
solution has the lowest toxicity.

Low water temperature may cause water viscosity to 
increase. Under constant stirring rate, viscosity hinders 
the diffusion of PAFS and sedimentation of phosphorus-
containing flocs, which may affect the hydrolysis kinetic 
balance and the formation of metal hydroxides [45]. In 
addition, low-temperature results in low density of phos-
phorous-containing flocs, smaller flocs, and unsatisfactory 
coagulation effects. However, extremely high water tem-
perature ages or decomposes PAFS into insoluble substances 
and reduces the coagulation effect [46]. Therefore, the 
preferred reaction temperature is 35°C.

3.3. Spectral characterization of glyphosate water

Fig. 12 shows that glyphosate isopropylamine is highly 
soluble in water due to its various hydroxyl groups; 
thus, this substance cannot be detected by temperament 
extraction. After ozone-catalyzed oxidation, a large amount 
of alcohols are produced in the solution, which indicates 
that glyphosate isopropylamine releases long-chain alcohols 
due to the oxidative decomposition of hydroxyl and carbon 
chains. Ether and aldehydes shown in the figure are caused 
by the oxidation of carbon–oxygen double bond to a part 
of the ether and of the aldehyde. After oxidation, the total 

Fig. 10. Effect of mixing time on glyphosate removal: (a) glyphosate, total phosphorus, organic phosphorus, and inorganic 
phosphorus removal rates and (b) relative luminosity.
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phosphorus is unchanged but the inorganic phosphorus 
increases. This result indicates that glyphosate oxidizes to 
release phosphate, which increases the inorganic phospho-
rus content. No nitrogenous organic matter is detected in 
the temperament, which may cause the ammonia nitrogen 
in the water sample to increase after oxidation, because the 
nitrogenous organic matter may be converted into ammonia 
nitrogen or nitrate nitrogen.

According to the UV full scan, the glyphosate isopropyl-
amine raw water has a high chroma; thus, a large absorp-
tion peak appears at 500–800 nm. After the ozone-catalytic 
oxidation treatment, the solution chroma removal rate 
increases, and color significantly decreases [47]. As the 
catalytic oxidation process continues, the organic phos-
phorus in the solution is oxidized and decomposed into 
inorganic phosphorus [48]. Therefore, a peak occurs at 
approximately 200  nm, further confirming that ozone 
oxidation can effectively and completely oxidize glyphosate  
isopropylamine.

4. Conclusion

In this study, ozone-catalyzed coupled coagulation is 
used to treat glyphosate-simulated wastewater. The exper-
imental results show that the optimum values of ozone 
dosage, hydrogen peroxide, pH, reaction time, and catalyst 
ratio are 25 mg/L, 0.20%, 9, 20 min, and 10%, respectively, 
33.4  mg/L decreases to 14.2  mg/L; and toxicity decreases 
from high to low. The wastewater treated under this opti-
mal condition is then treated by coagulation and sedi-
mentation. The single-factor experiment results show that 
PAFS as a coagulant achieves the most effective treatment 
with the highest removal rates. When the solution has pH 
8, PAFS dosage of 150 mg/L, stirring rate at 100  rpm, stir-
ring time at 2  min, and reaction temperature of 35°C, the 
glyphosate concentration decreases to 5.2  mg/L and the 
inorganic phosphorus removal rate is 96.3%. The experi-
mental results prove that the ozone-combined coagulation 
and precipitation is a highly effective treatment effect for 
glyphosate pesticide wastewater, with short reaction time, 
simple treatment equipment, and easily achievable reac-
tion conditions. Thus, the proposed process is effective for 
treating glyphosate wastewater.
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