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Abstract
The technical feasibility of advanced oxidation process, in particular persulfate (PS) oxidation followed by struvite precipita-
tion for landfill leachate treatment and nutrient recovery has been depicted in the current study. Furthermore, the impact of 
activation of PS with thermal and ultraviolet (UV) irradiation techniques on COD removal efficiency is also investigated. 
A maximum COD removal efficiency of 96% is accomplished at 65 °C together with supply of UV irradiation. The impact 
of persulfate dose, pH, and PS/65 °C/UV system on COD and biodegradability is also illustrated in the current study. Addi-
tionally, decomposition rate constant values are also ascertained in the present study. Afterwards, nutrient recovery using 
struvite precipitation is carried out for sustainable utilization of resources. Preliminary treatment of leachate with PS/65 °C/
UV system is greatly conducive to recovering high quality struvite crystals. Besides, 94.9%, 83.5%, and 91.3% of  PO4

3− 
- P,  NH4

+ - N, and  Mg2+ recovery efficiency attained respectively at pH 9.5 and 1.2:1:1 molar ratio of  Mg2+:  NH4
+ - N: 

 PO4
3− - P. Additionally, all the nutrient recovery studies are validated using chemical equilibrium model Visual MINTEQ. 

Later, bioavailable fraction of  PO4
3− - P in the recovered struvite is also investigated for utilization as fertilizer. The pres-

ence of Cu and Zn in the recovered struvite precipitate enhanced its economic value as a fertilizer. Since Cu and Zn are 
vital micronutrients for growth of plants. The low soluble values of recovered struvite precipitate confirmed its utilization 
as slow releasing fertilizer.
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Introduction

Industrialization, rapid urbanization, and economic 
development indispensably contributed to amplified quality 
of life standards all over the world, which ascertained to 
generation of huge quantity of solid waste (Tyagi et al. 
2021). Worldwide solid waste generation is expected to 
be increased to 2.2 billion tons per year by 2025. India is 
foreseen to generate more than 55 million tons of solid waste 
per year with an annual growth of 5% (CPCB 2016). Lack 
of treatment facilities and infrastructure owing to the end 
of massive quantity of solid waste as untreated in landfills. 

Approximately 75% of the solid waste generated is being 
discharged into the landfills (Pujara et al. 2019). Further 
physico-chemical and biological interactions occurred 
within the landfill, moisture content of waste and percolation 
of rainwater led to generation of liquid waste within the 
landfill and is referred to as leachate (Giang et al. 2018). 
The characteristics of landfill leachate vary significantly 
pertaining to weather conditions, moisture content, age, and 
composition of solid waste. Furthermore, landfill leachate 
is rich in ammonium nitrogen  (NH4

+- N), which is toxic to 
the aquatic species and poses severe risk to the surrounding 
ecosystems (Sun et al. 2015; Teng et al. 2021). Hence, it has 
become imperative to bring the  NH4

+- N content below the 
permissible limits to evade possible future contamination of 
water resources (Rani et al. 2020).

Several physicochemical and biological techniques were 
employed to treat the wastewater containing greater quantity 
of  NH4

+- N. Biological techniques such as anammox and 
nitrification–denitrification methods were harnessed earlier, 
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but greater retention time and regular pH maintenance made 
scanty application of these techniques (Molinuevo et al. 
2009). Physicochemical techniques include stripping of 
 NH4

+- N using air, however, ammonium stripped out into 
the atmosphere contributes to air pollution. Furthermore, 
huge capital and operating costs also limited the usage of 
physicochemical techniques to eliminate  NH4

+- N (Maharaja 
et al. 2016).

In recent years, magnesium ammonium phosphate 
 (MgNH4PO4.  6H2O) also known as struvite gained ample 
attention due to its effectiveness to recover the  NH4

+- N 
present in the wastewater (Lavanya and Ramesh 2021; 
Huang et al. 2020). Equi molar concentration of ammonia 
 (NH4

+), magnesium  (Mg2+), and phosphate  (PO4
3−) is 

inevitable to precipitate struvite. Nevertheless, isomorphous 
precipitation of compounds (K- struvite and calcium 
phosphates) consume  NH4

+,  Mg2+, and  PO4
3− ions present 

in the system (Huang et  al. 2019). Therefore, struvite 
formation necessitates availability of constituent ions  (NH4

+, 
 Mg2+, and  PO4

3−) in greater molar ratio than the required 
stoichiometric ratio as per Eq. (1). Several authors reported 
the recovery of  NH4

+- N exist in numerous wastewaters as 
struvite. Lavanya et al. (2019) depicted the precipitation 
of struvite from swine wastewater that consists of greater 
quantities of  NH4

+- N. Similalrly, Huang et  al. (2015) 
illustrated the recovery of struvite from anaerobically 
digested supernatant possess excessive amounts of  NH4

+- N. 
Consequently, struvite formation fosters the reutilization of 
removed  NH4

+- N from wastewaters as fertilizer. However, 
organic matter present in the wastewaters interferes with 
struvite precipitation and minimizes its purity and limits the 
application as a fertilizer. Hence, the elimination of organic 
matter from wastewater is conducive to nurture the purity 
of struvite. Furthermore, production of high-quality struvite 
is of paramount importance to minimize the ecological risk 
and health hazards associated with it and make it more 
efficient for fertilizer application (Munir et al. 2017; Oliveira 
et al. 2018).

Advanced oxidation techniques have drawn attention due 
to effectiveness and high performance to abate organic pol-
lutants from wastewater (Guan et al. 2018). In the recent 
past, among numerous advanced oxidation methods, sulfate 
radical  (SO4

.−) based approaches draw recognition owing 
to their efficacy (Wu et al. 2021; Wang et al. 2024). Exclu-
sively, persulfate (PS) is an excellent oxidation agent and 
can be activated to engender  SO4

.− radicals. PS activation 
could be accomplished through numerous ways including 
heat, ultrasound, ultraviolet (UV) irradiation, alkaline and 
metal ions to generate  SO4

.− radicals (Wu et al. 2023; Xie 

(1)Mg2+ + NH4
+ + PO4

3− + 6H2O ↔ MgNH4PO4.6H2O

et al. 2023). Despite several methods, heat and UV irradia-
tion techniques are deployed for  SO4

.− radical production 
in the current study. Heating (temperature >  30 oC) and UV 
irradiation both fosters the fission of O-O bond present in 
PS, which is conducive for  SO4

.− radical formation in the 
system (Li et al. 2022; Xia et al. 2020). Thus,  SO4

.− radi-
cal–based advanced oxidation processes gained attention 
confer to broad pH and high redox potential (2.5 V – 3.6 V) 
compared to hydroxyl  (OH.) radical (1.9 V - 2.8 V) based 
advanced oxidation techniques (Huang et al. 2020; Tang 
et al. 2019; Yuan et al. 2020). Furthermore,  SO4

.− radicals 
possess greater stability and long life, which accord to foster 
the oxidation of organic pollutants (Tang et al. 2020).

With this background, the authors in the present study 
investigated the feasibility of  SO4

.− radical–based advanced 
oxidation process combined with struvite precipitation to 
realize high purity struvite. Consequently, precipitating 
superior quality struvite precipitates is inevitable to aug-
ment its application as a fertilizer. Even though several stud-
ies highlighted the possibility of struvite recovery, no study 
has highlighted the way to enhance its purity. Hence, in 
this study, authors accentuated the purity aspect of struvite 
through sequential persulfate oxidation and struvite precipi-
tation. As a result, quality of struvite precipitates obtained 
with and without  SO4

.− radical–based advanced oxidation 
process is assessed in the current study. During the process 
of precipitating struvite crystals, impact of several process-
ing parameters includes activation of PS and dosage of PS; 
pH on removal of organic matter along with degradation 
kinetics followed by study of factors influencing struvite pre-
cipitation is ascertained. Likewise, the experimental results 
obtained from the studies are confirmed using chemical 
equilibrium model (Visual MINTEQ). Additionally, heavy 
metal concentration analysis in the obtained struvite is also 
conducted to evaluate its feasibility as a fertilizer. Besides 
that, the solubility of struvite precipitate at different pH 
is verified for identification of best soil conditions for its 
application.

Materials and methods

Leachate collection

Landfill leachate was collected from Mavallipura site, 
Bangalore, Karnataka, India. Mavallipura site is used for 
processing the waste generated from Bangalore city. The 
leachate is collected in rinsed and clean bottles. Immedi-
ately after the collection, the bottles were stored at 4 °C to 
arrest further degradation. The physico-chemical character-
istics (Table 1) of collected leachate are analyzed as per 
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standard methods for examination of water and wastewa-
ter (APHA 2012). The leachate sample possesses greater 
COD and BOD and is rich in  NH4

+. Furthermore, leachate 
is poor biodegradable in nature owing to BOD/COD = 0.11, 
which restrains the deployment of biological techniques for 
treatment.

Chemicals

Potassium persulfate  (K2S2O8) is employed to carry out 
leachate treatment using advanced oxidation methods. 
Likewise, other chemicals such as  H2SO4 and NaOH are 
utilized to adjust the pH especially during pH studies. 
Similarly, potassium dihydrogen phosphate  (KH2PO4) is 
utilized during struvite precipitation experiments. All the 
chemicals used in the current study are analytical grade. 
Moreover, all the chemicals are purchased from Merck, 
India.

Leachate treatment by persulfate/temperature/UV 
irradiation method

Batch studies are carried out in 1 L capacity reactor with 
500 mL effective volume of leachate. UV light of 35 W is 
fixed to the wooden box. Inside the wooden box, the reac-
tor is placed over the magnetic stirrer for uniform mixing 
and temperature adjustments (45 °C, 65 °C, and 85 °C). A 
predetermined quantity of  K2S2O8 is added to the reactor 
consisting of leachate. Later, the aliquot of 5 mL quan-
tity is collected at regular intervals and centrifuged at 
3500 rpm for 3 min followed by filtration through 0.45-µm 
membrane, which is utilized for compositional analysis.

Degradation kinetics

The kinetic analysis is carried out to evaluate rate constant 
values for organic contaminant removal at diverse experi-
mental circumstances. Organic contaminant removal from 
landfill leachate by PS usually follow pseudo first order 

(PFO) kinetics. Therefore, the following equations are uti-
lized to assess the rate constants under various conditions.

Upon integrating Eq. 2 at t = 0, C = Ci and t = t, C = Ct, 
the equation transforms to

Ci = initial COD concentration (mg/L); Ct = COD con-
centration at time t (mg/L); k = reaction rate  (min−1); 
t = reaction time (min).

Nutrient  (PO4
3− ‑ P and  NH4

+ ‑ N) recovery 
through struvite crystallization

The leachate samples with optimum results from PS stud-
ies are used for struvite crystallization. For struvite crys-
tallization, definite quantities of reagents were added to the 
reactor. Subsequently, the whole solution in the reactor is 
stirred continuously for 45 min and the remaining solution 
is kept undisturbed for 30 min to promote precipitation. 
Supernatant quantity of 10 mL is collected for elemental 
analysis. The precipitates collected are washed thrice with 
deionized water and allowed for air drying for 24 h.

The combined experimental setup for leachate treatment 
by persulfate/temperature/UV irradiation method followed 
by struvite precipitation is provided in Fig. 1.

Chemical equilibrium modelling

Visual MINTEQ is the most widely employed chemi-
cal equilibrium model to depict solubility and speciation 
(Gustafsson 2005; Wu and Zhou 2012). Furthermore, this 
model is also deployed to identify the equilibrium between 
various phases (dissolved and undissolved) of compounds in 
aqueous solution (Çelen et al. 2007). Hence, this model pro-
vides a detailed notion of precipitation potential of diverse 
salts in the solution. The activity coefficients computa-
tion in the model is elicited using Davi’s approximation of 
Debye–Huckle equation.

Saturation index (SI) is the most used parameter to com-
pute the precipitation potential of salts.

where IAP = ion activity product.
Ksp = solubility product constant.
SI = 0 condition signifies that the salt is in equilibrium 

condition; SI > 0 condition corresponds that the salt is in 

(2)−
dC

dt
= k[C]

(3)ln

(

C
i

C
t

)

= kt

(4)SI = log10(
IAP

Ksp

)

Table 1  Physico- chemical 
characteristics of leachate

Parameter Value

pH 7.56
BOD5, 20

o, (mg/L) 1156
COD, (mg/L) 9752
TOC, (mg/L) 4328
BOD5, 20

o/ COD 0.11
TS, (mg/L) 4638
NH4

+- N, (mg/L) 1564
PO4

3−—P, (mg/L) 48
Mg2+, (mg/L) 687
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supersaturated condition, thus precipitation occurs spontane-
ously; SI < 0 condition denotes that the salt is in undersatu-
rated condition, thereby precipitation does not occur. In the 
current study, SI of various salts that are likely to form in 
the aqueous solution is determined for better understanding.

Analytical methods

The pH of the leachate sample is analyzed using pH meter. 
Phosphorous content in the leachate is analyzed using 
vanadomolybdo phosphoric acid method using UV/VIS 
spectrophotometer. Solids concentration in the leachate sam-
ple is evaluated using gravimetric analysis. Total organic 
carbon (TOC) in the leachate sample is determined using 
Shimadzu TOC analyzer. Heavy metal concentrations pre-
sent in the leachate sample are measured using ICP-MS. The 
 NH4

+- N concentration in the leachate sample is corrobo-
rated using Nessler’s reagent spectrophotometric technique.

Solubility of the recovered struvite precipitate

The solubility of the recovered struvite precipitate is ana-
lyzed at various pH values (i.e., 5.9, 7 and 8). Solubility 
experiments are conducted by dissolving 2 g of the recovered 
struvite precipitate in 100 mL of the deionized water, then 
the mixture is agitated using arbitrary shaker at 150 rpm for 
half an hour. Later, the phosphorous content in the solution 
is determined.

Results and discussion

Impact of PS activation by heat and UV irradiation 
on COD and TOC removal efficiency

The time dependent impact of heating and UV irradiation 
on COD and TOC removal from landfill leachate is inves-
tigated. Figure 2 depicts the variation of COD and TOC 
removal efficiency, and COD and TOC reaction kinetics by 
PS activation using both thermal and UV irradiation tech-
niques. Both heat (Eq. 5) and UV (Eq. 6 and 7) activation 
distinctly heightened the performance of PS.

As corroborated in Fig. 2a, COD removal efficiency is 
superior at high heating temperatures. Furthermore, sup-
plementation of UV irradiation in addition to heat greatly 
contributed to boost COD removal efficiency. For a time of 
210, 240, and 270 min with combined temperature (85 °C) 
and UV irradiation, the COD removal efficiency achieved is 
97, 97, and 99% respectively, which signifies the slight vari-
ation in COD removal efficiency. Similar patterns of results 
are observed even for 65 °C and 45 °C with UV irradiation. 
As a result, 65 °C is considered the optimum temperature 
for activation of PS for further experiments. Furthermore, at 
65 °C with UV irradiation with various time periods of 210, 
240, and 270 min, the COD removal efficiency is almost 
same. Hence, 210 min is considered as optimum period for 
performing further experiments.

Similarly, Fig. 2b illustrates the variation of TOC removal 
efficiency over time. As mentioned above, both thermal and 
UV activation of PS promoted TOC removal efficiency. 

Fig. 1  Schematic representation 
of struvite precipitation from 
leachate
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TOC removal efficiency attained by PS activation with UV 
at 65 °C and 85 °C for 210 min is 82 and 83% respectively. 
Therefore, PS activation with UV irradiation at 65 °C is 
considered as optimum for further studies.

Besides that, the reaction kinetic analysis for COD and 
TOC by both thermal and UV activation of PS is carried 
out using PFO reaction and the results are shown in Fig. 2c 
and 2d, respectively. Additionally, the computed rate con-
stant values for COD and TOC at different PS activation 
using thermal and UV irradiation conditions are presented 
in Table 2.

The abovementioned observations are owed to greater 
occurrence of  SO4

.− radicals during PS activation at ele-
vated temperature and UV irradiation (Eq. 5, 6 and 7). Ele-
vated temperatures (i.e., > 30 °C) together with UV accord 
for cleavage of O-O bond present in PS, which is decisive 
for  SO4

.− radical formation. Thus, produced  SO4
.− radicals 

enables the removal of organic contaminants from landfill 
leachate. Similarly, augmented reaction rate values (Table 2) 

(5)S2O8
2− + heat → 2SO4

.−

(6)S
2
O

2−
8

+ hv → 2SO
.−
4

(7)SO4
.− + OH−

→ SO4
2− + OH.k = 7 × 10.7∕M.s

during PS activation with rise in thermal and UV irradiation 
also illustrates the quick bombardment between  SO4

.− radi-
cals and contaminants, which facilitates the contaminant 
removal. Additionally, higher temperatures also account for 
decomposition of organic matter present in the leachate sam-
ple (Zhou et al. 2019; Ali and Kim 2016).

Impact of PS dosage on COD removal efficiency

PS concentration is another preliminary factor in the PS/tem-
perature/UV irradiation system. Hence to study the influence 
of PS dose on COD removal efficiency, PS concentration 

Fig. 2  Variations of a COD 
removal efficiency, b TOC 
removal efficiency, c COD 
reaction kinetics, d TOC reac-
tion kinetics with reaction time 
by PS and PS activation by 
temperature and UV irradia-
tion (experimental condition: 
PS dose = 5 g/L, pH = 7.56, UV 
light = 35 W)

Table 2  COD and TOC removal reaction rate constant values by PS 
and PS activation by temperature and UV irradiation

Process description COD TOC

k  (min−1) R2 k  (min−1) R2

PS alone 2.6 ×  10–3 0.97 1.9 ×  10–3 0.98
PS + 45 5.5 ×  10–3 0.99 4.0 ×  10–3 0.99
PS + 45 + UV 7.3 ×  10–3 0.99 5.0 ×  10–3 0.97
PS + 65 9.0 ×  10–3 0.99 5.2 ×  10–3 0.97
PS + 65 + UV 13.5 ×  10–3 0.99 7.7 ×  10–3 0.98
PS + 85 10.6 ×  10–3 0.99 6.4 ×  10–3 0.98
PS + 85 + UV 16.2 ×  10–3 0.99 7.8 ×  10–3 0.98
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is varied from 1 to 10 g/L (Fig. 3a). The other parameters 
include temperature, maintained at 65 °C with the aid of 
UV irradiation.

As illustrated in Fig. 3a, the COD removal efficiency is 
raised with PS dosage and reaction time. Increase in PS dose 
promotes the production of  SO4

.− radicals, which greatly 
contributed to degrade organics present in the leachate. 
Thereby, the COD removal efficiency increased with raise 
in PS dosage. However, the COD removal efficiency attained 
at PS dosage of 5 g/L is almost similar to the efficiencies 
accomplished at 6, 7, 8, 9, and 10 g/L dosages. Thus, 5 g/L 
PS dosage is considered an optimum considering economical 
aspects. In addition to that reaction kinetic analysis is per-
formed at numerous PS dosages and reaction time (Fig. 3b). 
The calculated reaction rate values are furnished in Table 3. 
Both temperature and UV irradiation contributed to the fis-
sion of O-O bond in PS, thereby the readiness of  SO4

.− is 
high and aids the degradation of organics in leachate (Eq. 5, 
and 6). Additionally, enhanced reaction rate values with 
PS dosages (Table 3) also confirms the rapid production of 
 SO4

.− radicals. Furthermore, these  SO4
.− radicals commence 

chain reactions that advocate limited or complete degrada-
tion of organics. Additionally, alkaline conditions main-
tained during the studies are also ascribed to produce  OH. 
(Eq. 7), which abets organics removal. On the other facet, 
augmented PS dosage (i.e., > 5 g/L) surges the  SO4

.− radicals 
availability, which raises the interaction among them and 
form PS ions (Eq. 8). Similarly, at greater PS dosages, evolu-
tion of inhibitory compounds like  SO4

2− (Eq. 9) arrests the 
decomposition of organics. The above highlighted reasons 
imply that utilization of  SO4

.− radicals except for organics 
contributed to sluggish rise in COD efficiency at greater 
doses of PS (Soubh and Mokhtarani 2016; Zhang et al. 2018; 
Huang et al. 2020).

(8)SO4
.− + SO4

.−
→ S2O8

2−

(9)SO4
.− + S2O8

2−
→ SO4

2− + S2O8
−

Impact of PS/temperature/UV irradiation 
on biodegradability

Biodegradability is a vital parameter that needs to be ana-
lyzed during the treatment of leachate with PS/tempera-
ture/UV irradiation system. Primarily, leachate possesses 
refractory substances that are challenging to eliminate by 
biological systems. However, PS/temperature/UV irradia-
tion system is efficient in degradation of non-biodegradable 
substances, thus indispensably contributed to enhance the 
BOD/COD ratio (Fig. 4).

As illustrated in Fig. 4, at the beginning of study, the 
BOD/COD ratio is low (i.e., 0.11), which raised to 0.48 
after treating the leachate for 210 min. Furthermore, higher 
quantity of radical production owing to PS activation under 
elevated temperature and UV irradiation imperatively con-
tributed to breakdown and oxidation of the complex organic 
substances into simpler compounds and ultimately harness 
to achieve desired leachate treatment (Huang et al. 2020). 
Mahvi et al. (2012) also illustrated the enhancement in bio-
degradability owing to greater release of  SO4

.− radicals dur-
ing the process.

Fig. 3  Variations of a COD 
removal efficiency, b COD reac-
tion kinetics with varying PS 
dose/temperature/UV irradia-
tion system (experimental con-
dition: pH = 7.56, UV light = 35 
W, temperature = 65 °C)

Table 3  COD removal reaction rate constants with varying PS dos-
ages

Process description k  (min−1) R2

PS = 1 g/L 3.3 ×  10–3 0.99
PS = 2 g/L 4.1 ×  10–3 0.99
PS = 3 g/L 5.3 ×  10–3 0.99
PS = 4 g/L 7.7 ×  10–3 0.99
PS = 5 g/L 14.5 ×  10–3 0.99
PS = 6 g/L 15.9 ×  10–3 0.99
PS = 7 g/L 16.8 ×  10–3 0.99
PS = 8 g/L 18.9 ×  10–3 0.99
PS = 9 g/L 19.6 ×  10–3 0.99
PS = 10 g/L 20.8 ×  10–3 0.99
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Impact of initial pH on COD removal efficiency

The influence of pH on COD removal efficiency is evalu-
ated by varying the pH from 3 to 11 using PS/temperature/
UV irradiation system (Fig. 5a). During the experiments, 
PS dose of 5 g/L and temperature of 65 °C with aid of UV 
irradiation is supplied to the system.

As confirmed from Fig. 5a, the COD removal efficiency is 
less at pH 3 and pH 5 when compared to pH 7. Nevertheless, 
for pH 7 and pH 7.56 (i.e., pH of leachate), variation in COD 
removal efficiency is quite low. The COD removal efficiency 
attained at reaction time of 210 min, initial pH 7 and 7.56 
is 94% and 96% respectively. Therefore, pH 7.56 is consid-
ered as optimum and is used for performing further studies. 
Furthermore, reaction kinetic studies are carried out with 
varying pH and reaction time and the results are depicted 
in Fig. 5b. Also, the corresponding reaction rate constant 
details are illustrated in Table 4.

As mentioned above, the readiness of  SO4
.− radicals var-

ied with pH of the leachate. During the studies,  SO4
.− radi-

cals are generated within the system as per Eq. 5, and 6 at pH 
3 and 5. Furthermore,  S2O8

2− is deemed as a scavenger of 
 SO4

.− radicals in acidic pH (Wei et al. 2018). Therefore, the 
reaction rate plunged faintly under acidic conditions, which 
caused lower COD removal efficiency. Likewise, lower reac-
tion rates (Table 4) at pH 3 and 5 are also responsible for 
achieving lower COD removal efficiency. However, at pH 7 
and 7.56, the availability of  OH− in the leachate solution is 
high compared to acidic pH (i.e., 3 and 5), which reacts with 
 SO4

.− radicals (Eq. 7) and is responsible for generation of 
 OH. radicals. Therefore, coexistence of  SO4

.− and  OH. radi-
cals at pH 7 and 7.56 together contributed to attain greater 
COD removal efficiency than that of pH 3 and 5. Moreover, 
the reaction rate values at pH 7 and 7.56 are higher over 
other studied pH range. Further  OH− ions concentration is 
higher at pH 7.56 than that of pH 7, which harnessed to 
attain higher COD removal efficiency. However, at pH 9, 
alkaline pH led to production of greater quantity of  OH. 
radical over  SO4

.− radical. Furthermore, the redox poten-
tial of  SO4

.− is 2.5 - 3.6 V, which is greater than the redox 
potential  OH. radical (i.e., 1.9 - 2.8 V) (Oh et al. 2016; Wei 
et al. 2018). Thus, it is hypothesized that under alkaline 
pH conditions (i.e., pH 9) degradability of organic sub-
stances is slightly lower than that of neutral pH. In addition 
to that initial pH of leachate is 7.56, which underlines that 

Fig. 4  Variations of COD remaining and BOD/COD ratios with reac-
tion time using PS/temperature/UV irradiation system (experimental 
condition: PS dose = 5  g/L, pH = 7.56, UV light = 35 W, tempera-
ture = 65 °C)

Fig. 5  Variations of a COD 
removal efficiency, b COD 
reaction kinetics with reaction 
time at different pH using PS/
temperature/UV irradiation 
system (experimental condition: 
PS dose = 5 g/L, UV light = 35 
W, temperature = 65 °C)

Table 4  COD removal reaction rate constants with varying pH

Process description k  (min−1) R2

pH = 3 7.5 ×  10–3 0.99
pH = 5 9.8 ×  10–3 0.99
pH = 7 13.2 ×  10–3 0.99
pH = 7.56 14.5 ×  10–3 0.99
pH = 9 11.2 ×  10–3 0.99
pH = 11 11.9 ×  10–3 0.99
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the alkalinity is majorly due to  HCO3
− ions. But at pH 9, 

 HCO3
− ions are transformed to  CO3

2− ions, which is scav-
enger of  OH. radicals (Soubh and Mokhtarani 2016). Hence, 
the above emphasized logics caused lower COD removal 
efficiency values at pH 9 than at neutral pH values.

Nutrient recovery through struvite crystallization

For nutrient recovery, the leachate obtained after PS 
treatment (PS dose = 5  g/L, temperature = 65  °C, UV 
light = 35W) is used. Numerous factors influence the pre-
cipitation of struvite from leachate. Hence, the influence of 
various factors on struvite precipitation is investigated and 
reported in the subsequent sections.

Impact of pH on struvite precipitation

pH is the most governing parameter that impacts the stru-
vite precipitation (Huang et al. 2015). Further pH also regu-
lates the speciation of  PO4

3−- P and  NH4
+ - N ions, super 

saturation and solubility of precipitates that are evinced in 
the solution during the process (Rathod et al. 2014). There-
fore, to determine the impact of pH on struvite precipita-
tion, pH is varied from 8 to 11 and the Mg:P molar ratio is 
maintained at 1:1. The variations of  PO4

3−- P and  NH4
+ - N 

recovery efficiencies and purity of struvite with pH is pro-
vided in Fig. 6.

As presented in Fig.  6a, the  PO4
3−- P recovery effi-

ciency augmented steadily with a rise in pH. However, the 
 NH4

+ - N recovery efficiency increased up to pH 9.5 and 
attained maximum recovery efficiency of 81.3% at pH 9.5. 
Nevertheless, increase in pH beyond 9.5 led to diminish the 
 NH4

+ - N recovery efficiency compared with pH 9.5. As a 
result, pH 9.5 is considered optimum for performing further 
studies.

As illustrated in earlier sections, pH plays a critical role in 
struvite precipitation. pH governs the speciation of  PO4

3−- P 

and  NH4
+ - N ions, which are vital for struvite formation 

(Zhang et al. 2009; Lavanya and Sri Krishnaperumal Thanga 
2021). Generally,  PO4

3−- P ions persist in three different 
forms  (H2PO4

−,  HPO4
2−, and  PO4

3−) depending on the pH. 
 H2PO4

− species prevail in the solution pH ranges from 5 
to 6.5 (Georgantas and Grigoropoulou 2007). Furthermore, 
 HPO4

2− appears in the solution from pH 7 to 9. Likewise, 
 PO4

3− persuades in the solution at pH > 10 (Lavanya et al. 
2019). In the current study, pH is varied from 8 to 11; hence 
from pH 8 to 9,  HPO4

2− is present and lower  H+ concentra-
tion facilitates the struvite formation (Eq. 10) and mani-
fests high  PO4

3−- P recovery efficiency. Similarly, pH > 9.5, 
promotes the conversion of  NH4

+ to  NH3 (Li et al. 2012) 
(Eq. 11, reaction favored to right), as a result the  NH4

+ - N 
recovery efficiency is reduced beyond pH 9.5.

The purity of the struvite precipitates obtained after the 
treatment with PS/temperature/UV irradiation system ranges 
from 89.5 to 69.5% (Fig. 6b). However, the purity of stru-
vite precipitates collected without treatment of leachate by 
PS/temperature/UV irradiation system varied from 78.4 to 
58.2% (Fig. 6b). The abovementioned purity results high-
light the necessity of leachate treatment prior to struvite 
precipitation. Commonly, leachate is rich in organic mat-
ter, which hinders the precipitation of high-grade struvite. 
Therefore, elimination of organic matter from leachate sam-
ples is essential to produce good quality struvite. Hence, 
leachate treatment with PS eliminates the organic matter 
present in it and contributes to accomplish high quality stru-
vite precipitates.

Further to validate the results obtained from the experi-
ments, chemical equilibrium model Visual MINTEQ is 
employed. The most prevailed salts in solution consists of 

(10)
Mg2+ + NH4

+ + HPO4
2− + 6H2O → MgNH4PO4.6H2O + H+

(11)NH4
+
↔ NH3 + H+

Fig. 6  Variations of a  PO4
3−- P and  NH4

+  - N recovery efficiencies 
with different pH after treatment with PS/temperature/UV irradia-
tion system, b variation of purity of struvite with and without PS/

temperature/UV irradiation system, c variation of SI of different salts 
with pH (experimental condition:  Mg2+:  NH4

+ - N:  PO4.3− - P molar 
ratio = 1:1:1)
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 Mg2+,  NH4
+, and  PO4

3− include  Mg3(PO4)3,  MgHPO4.3H2O, 
Mg(OH)2, and struvite (Çelen et al. 2007). As a result, the 
SI of various salts likely to be precipitated in the aqueous 
solution is determined using Visual MINTEQ (Fig. 6c). 
Figure 6c depicts the variation of SI with pH. At pH 8, 
 Mg3(PO4)3,  MgHPO4.3H2O, and struvite are in oversatu-
rated condition. Furthermore, SI of  MgHPO4.3H2O is mar-
ginally in oversaturated condition at pH 8, thus contributing 
to the reduction of purity of struvite. Similarly,  Mg3(PO4)3 
and struvite are also precipitated but the SI of struvite is 
greater, as a result the purity of the struvite is high at pH 
8. However, Mg(OH)2 is in undersaturation (i.e., soluble) 
condition at pH 8; hence, precipitate formation is negligi-
ble; thus, Mg(OH)2 formation in aqueous solution is not 
impacting the purity of struvite. Likewise, at pH 8.5, stru-
vite formation is predominant over  Mg3(PO4)3. Nonetheless, 
 Mg3(PO4)3 formation is higher in aqueous solution at pH 8.5 
over pH 8, thus led to reduction in purity of struvite at pH 
8.5 when compared to pH 8. Analogously, from pH 9 to 11, 
the formation of  Mg3(PO4)3 is dominant over struvite. Fur-
thermore, Mg(OH)2 is in oversaturated condition from pH 
10.5 onwards. Thus, formation of salts in aqueous solution 
diminished the purity of the struvite with pH.

Impact of  Mg2+:  NH4
+ ‑ N:  PO4

3− ‑ P molar ratio on struvite 
precipitation

The concomitant recovery potential of  PO4
3− - P,  NH4

+ - N, 
and  Mg2+ ions is evaluated with varying molar rations 
 (Mg2+:  NH4

+ - N:  PO4
3− - P) and at pH 9.5. Figure 7 cor-

roborates the impact of  Mg2+:  NH4
+ - N:  PO4

3− - P ratio on 

nutrient recovery and amount of precipitate formed during 
the studies.

It is evident from Fig. 7 that the surge in  Mg2+:  NH4
+ - N: 

 PO4
3− - P molar ratio nurtures the  PO4

3− - P recovery effi-
ciency from 84.4 to 97.6%. However, the  PO4

3− - P recovery 
efficiency is almost similar to  Mg2+:  NH4

+ - N:  PO4
3− - P 

molar ratios of 1.5:2:1, 2:3:1, and 2:5:1. At the examined 
 Mg2+:  NH4

+ - N:  PO4
3− - P molar ratios, the  NH4

+ - N 
recovery efficiency is slightly increased initially with  Mg2+: 
 NH4

+ - N:  PO4
3− - P molar ratio and remained stable at 

higher molar ratios. Likewise,  Mg2+ recovery efficiency also 
enhanced from 82.3 to 94.1% with raise in  Mg2+:  NH4

+ - N: 
 PO4

3− - P molar ratio. As the  Mg2+:  NH4
+ - N:  PO4

3− - P 
molar ratio is increased, the availability of  Mg2+ to interact 
with  PO4

3− - P and  NH4
+ - N also increases, thus results 

in attaining higher recovery efficiency and led to higher 
precipitate formation (Chen et al. 2018). Similarly, Fig. 7 
also confirms the higher precipitate formation with enriched 
 Mg2+:  NH4

+ - N:  PO4
3− - P molar ratio. Albeit, the recovery 

efficiency of struvite constituent ions is greater at  Mg2+: 
 NH4

+ - N:  PO4
3− - P molar ratio of 2:5:1, considering the 

economic aspects 1.2:1:1 is deemed as optimum molar ratio.
Likewise, the experimental results obtained from stud-

ies are validated using chemical equilibrium model Visual 
MINTEQ. The results obtained from Visual MINTEQ are 
presented in Fig. 8.

Furthermore, to validate the struvite precipitation at 
 Mg2+:  NH4

+ - N:  PO4
3− - P molar ratio of 1.2:1:1, FTIR and 

XRD analyses are carried out and the results are presented 
in Fig. 9. XRD pattern (Fig. 9a) of the precipitates collected 
after the studies corresponded well with standard struvite 

Fig. 7  Variations of  PO4
3− - P,  NH4

+ - N, and  Mg2+ recovery efficien-
cies and amount of precipitate formed with different  Mg2+:  NH4

+ - N: 
 PO4.3− - P molar ratios after treatment with PS/temperature/UV irra-
diation system (experimental condition: pH = 9.5)

Fig. 8  Variations of SI of different salts at  Mg2+:  NH4
+ - N:  PO4

3− - P 
molar ratio of 1.2:1:1 and pH 9.5 after treatment with PS/tempera-
ture/UV irradiation system
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pattern (PDF#71–2089). Furthermore, sharp peaks observed 
in XRD spectrum also illustrates that the struvite formed is 
crystalline in nature. Figure 9b shows the FTIR pattern of 
precipitates obtained at  Mg2+:  NH4

+ - N:  PO4
3− - P molar 

ratio of 1.2:1:1 and at pH 9.5. From FTIR spectrum, the 
major peaks are noticed at 3697, 3600, 3291, 2357, 1647, 
1536, 1450, 1058, 869, and 440  cm−1. The peaks observed 
at 3697 and 3600  cm−1 are owing to asymmetric stretch-
ing vibration of N-H and similarly 1647  cm−1 is obliged to 
symmetric bending vibration of N-H existing in  NH4

+ units. 
Likewise, the peak at 3291  cm−1 is caused by H-O-H stretch-
ing vibration of  H2O molecules. Further the peak noticed at 
2357  cm−1 is due to H-O-H stretching vibration of cluster of 
 H2O molecules, whereas the peak at 1647  cm−1 is occurred 
by bending vibration of H-O-H bond. Additionally, the peak 
detected at 1058  cm−1 is due to asymmetric stretching vibra-
tion of  PO4

3−, while the peak discovered at 440  cm−1 is 
instigated by symmetric bending vibration of  PO4

3− units. 
The peak spotted at 869  cm−1 is owed to distortion of OH 
associated with  Mg2+, whereas peak at 440  cm−1 occurred 
due to metal oxygen bond prevailed in the precipitate (Chau-
han and Joshi 2013).

Phosphorous bioavailability in the recovered 
struvite precipitate

Phosphorous bioavailability is the vital factor that needs to 
be determined to utilize the recovered precipitate as ferti-
lizer.  PO4

3− - P fraction soluble in 2% citric acid is con-
sidered readily available fraction for plants to utilize. The 
bioavailable  PO4

3− - P fraction in the precipitate obtained 
after leachate treatment with PS/temperature/UV irradia-
tion system followed by struvite precipitation performed at 
 Mg2+:  NH4

+ - N:  PO4
3− - P molar ratio 1.2:1:1 and pH 9.5 is 

analyzed and is estimated as 90.5%. Furthermore, commer-
cially available super phosphate consists of 87% bioavailable 
 PO4

3− - P fraction. Since the struvite precipitate obtained in 
the present study consists of 90.5% bioavailable fraction, 
utilization of this precipitate is beneficial.

Estimation of heavy metal content, solubility 
in the recovered struvite precipitate

Estimation of heavy metals concentration in the recovered 
struvite precipitate is imperative to utilize them as fertilizer. 
The precipitates recovered from leachate at  Mg2+:  NH4

+ - N: 
 PO4

3− - P molar ratio 1.2:1:1 and pH 9.5 after treatment 
with PS/temperature/UV irradiation system is considered 
for analysis.

The presence of heavy metal concentration is detrimen-
tal and causes adverse impacts on health. Therefore, in the 
wake of these effects, the heavy metal concentration in the 
recovered struvite precipitate is determined. Furthermore, 
it is noticed that (from Table 5) the heavy metal concentra-
tions such as As, Cd, Cr, Pb, and Ni are zero, whereas Cu 
and Zn concentrations are observed as 10.54 and 24.56 mg/
Kg respectively in the recovered precipitate. Therefore, 
recovered struvite precipitate embodied varying quantities 
of heavy metals. Furthermore, the recovered struvite pre-
cipitate contains detectable quantities of Cu and Zn, which 
boosts the value of struvite and is conducive for utilization 
as fertilizer, since Cu and Zn are the micronutrients essential 
for plant growth.

Additionally, solubility and nutrient content in the 
recovered struvite precipitate are also analyzed to ascertain 

Fig. 9  a XRD spectrum of 
precipitates collected at  Mg2+: 
 NH4

+ - N:  PO4
3− - P molar ratio 

1.2:1:1 and pH 9.5 and standard 
struvite, b FTIR spectrum of 
precipitates obtained at  Mg2+: 
 NH4

+ - N:  PO4
3− - P molar ratio 

1.2:1:1 and pH 9.5 after treat-
ment with PS/temperature/UV 
irradiation system

Table 5  Comparison of concentration of heavy metals in the recov-
ered struvite precipitate

Heavy metal Concentration in the recov-
ered struvite precipitate (mg/
Kg)

As 0
Cd 0
Cr 0
Cu 10.54
Pb 0
Ni 0
Zn 24.56
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fertilizer potential. Table 6 provides the solubility values of 
recovered struvite precipitate at different pH. The solubility 
of the struvite varied from 42.29 to 48.79%. The solubility of 
the chemical fertilizers usually varies from 60 to 95% (Mas-
sey et al. 2009; Reza et al. 2019). Based on the solubility test 
results, solubility values of the recovered struvite precipitate 
are lower than the conventional chemical fertilizers. This 
highlights that recovered struvite precipitate owing to low 
solubility releases nutrients slowly into the environment over 
high soluble chemical fertilizers.

Conclusions

In the present study, two step landfill leachate treatment 
has been performed. In the first step leachate treatment is 
carried out using PS/temperature/UV irradiation system 
followed by struvite precipitation to recover the nutrients 
present in the leachate. The major motive for deploying 
PS/temperature/UV irradiation system is to eliminate the 
organic matter present in the leachate and to recover high 
quality struvite precipitates. Thereby, the impact on purity 
of struvite precipitation could be minimized significantly. 
During the process, the influence of temperature and UV 
irradiation on PS activation has been investigated. Both tem-
perature (65 °C) and UV irradiation contributed to achieve 
96% COD removal efficiency. Similarly, optimum dosage 
of PS to attain maximum COD removal efficiency is found 
to be 5 g/L. Additionally, biodegradability of the leachate 
has been enhanced from 0.11 to 0.48 owing to treatment 
with PS/temperature/UV irradiation system. A pH of 7.56 is 
considered an optimum for PS/temperature/UV irradiation 
system. Likewise, the  Mg2+:  NH4

+ - N:  PO4
3− - P molar 

ratio of 1.2:1:1 is deemed as optimum keeping economical 
aspects in consideration. All the struvite precipitation stud-
ies are validated using chemical equilibrium model named 
Visual MINTEQ. The bioavailable fraction of  PO4

3− - P 
in the recovered struvite precipitate is examined as 90.5%. 
Analogously, heavy metals including Cu and Zn are present 
in the recovered struvite. The existence of micronutrients 
(i.e., Cu and Zn) also magnified struvite fertilizer poten-
tial value. Further low soluble values of recovered struvite 
also emphasize the application of it as slow releasing fer-
tilizer. Hence, the dual processes together PS/temperature/
UV irradiation system followed by struvite precipitation is 

advantageous for effective recovery of nutrients and as well 
as for leachate treatment.
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