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INTRODUCTION
Intensive farming involving the application of substances, 
such as mineral fertilizers and chemical plant protection 
agents, has made it possible to obtain consistently high 
yields of agricultural plants to meet the population's food 
needs. However, several studies have shown that applying 
large amounts of mineral fertilizers can produce excessive 
phosphate, nitrates, and other nutrient levels in receiving 
water (Kumar et al., 2019). Phosphorus is one of the 
essential nutrients necessary for the nutrition and growth 
of living organisms. Like nitrogen, it is a limiting nutrient 
for algal growth because it occurs in the least amount 
relative to the needs of plants. Phosphate is a vital nutrient 
for plant growth and, thus, responsible for a serious 
environmental problem termed eutrophication (Bandpi et 
al., 2013; Yerima et al., 2022). Phosphate is among the 
most common anthropogenic groundwater pollutants, 
entering the human body through drinking water and 
vegetable products. Systematic human consumption of 
water and vegetables with excessive phosphate content 
may be associated with adverse health effects on humans, 
such as hyperphosphatemia and kidney and bone 
disorders. 

Excessive phosphate in wastewater exists as 
orthophosphate, polyphosphate, and organically bound 
phosphate (Usman et al., 2022). Previous studies reveal 
that phosphates in wastewater have been removed using 
techniques such as ion exchange (Bektas et al., 2021) and 
chemical precipitation (Rajanjemi et al., 2021). However, 
both techniques suffer a setback due to the high cost and 
difficulty of operating at a low concentration of 
phosphates. Hence, the need to explore an adsorptive 
technique that allows for the reuse of adsorbent by 
activation has been considered more economical (Usman 
et al., 2022). 

This research aims to assess the adsorptive removal of 
phosphate from agricultural effluent using sepiolite clay, 
an opaque, off-white, grey, or creamy-colored compound 
of hydrous magnesium silicate  (Mg4Si6O15(OH)2·6H2O), 
also known as petrosepiolitic (Francis et al., 2014). This 
will help address problems associated with untreated, 
excessive phosphate in wastewater discharged into bigger 
water bodies, such as eutrophication (Lin et al., 2021), 
algae bloom leading to blockage of turbines and decline in 
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ABSTRACT 
This study assessed the use of thermally activated sepiolite clay (TASC) and non-activated 
sepiolite clay (NASC) as adsorbents for phosphate adsorption from agricultural effluent. The 
effect of pH, temperature, dosage, and time on the adsorbates was investigated at pH 4-11, 
temperature 298 - 318k, contact time 30 – 120 minutes, and adsorbent dosage 0.2 - 4 g in 100 
mL of agricultural effluent. Fourier-transformed infrared spectroscopy (FTIR) and Scanning 
electron microscope (SEM) techniques were used to determine adsorbent features. TASC and 
NASC exhibit an excellent capacity for adsorbing phosphate molecules. At equilibrium, the 
removal efficiency of phosphate at 4 different varying conditions of temperature, pH, 
adsorbent dosage, and time gave more than 100 % for TASC, while NASC also recorded over 
100% adsorption of phosphate at 3 different varying conditions. The amount of phosphate 
adsorbed was found to decrease with an increase in temperature and contact time. The 
isotherm adsorption data fitted the Langmuir better than the Freundlich model, where the 
correlation coefficients of Langmuir and Freundlich were 0.9994 and 0.8901, respectively. 
The adsorption kinetics was better explained by the pseudo-first-order kinetic model with R2 
values TASC (0.9999) and NASC (0.9999) than the second order with R2 value TASC (0.9984) 
and NASC (0.9820). 
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water oxygen level and its effect on aquatic lives 
(Almanassra et al., 2021). 

Sepiolite is useful as absorbents, environmental 
deodorants, catalyst carriers, and polyester asphalt 
coatings. It is renowned industrially for its water-holding 
and sorptive capacities (Andrejkovicova et al., 2011). It has 
been reported that sepiolite-based materials can be used to 
remove a wide range of pollutant elements from water and 
soils (Wang et al., 2018). Despite its wide applications in 
various industrial processes, it has relatively low surface 
acidity, narrow channels, low surface area, and poor 
thermal stability. However, modification can enhance its 
sorption capacity (Jia et al., 2011; Duan et al., 2013). 

The experimental design and optimum condition for the 
adsorptive removal of phosphate by sepiolite was achieved 
by means of response surface methodology (RSM). The 
technique optimizes the response(s) when two or more 
quantitative factors are involved. The dependent variables 
are known as responses, and the independent variables or 
factors are primarily the predictor variables in response 
surface methodology (Karmoker et al., 2019). 

MATERIALS AND METHODS 

Sample collection 

The sepiolite clay (adsorbent) used in this work was 
delivered by Central Drug House (P) Ltd. 7/28 Vardaan, 
Daryaganj, New Delhi-110002 (INDIA). Agricultural 
effluent samples were collected at five coordinates using 
well-labeled pre-clean plastic bottles (750 mL). The 
agricultural effluents were collected by random sampling 
at Rafin-Kada, Wukari, an agrarian settlement in Nigeria 
on the coordinate 7° and 43' N and 9° 53' E with a 
population size of about 241,546 based on the 2006 census 
and are predominantly farmers (Oko et al., 2017; Yerima et 
al., 2022). The Samples were immediately homogenized in 
ice coolers packed with ice before being transported to the 
laboratory for onward adsorption experiment at varying 
pH, temperature, adsorbent dosage, and contact time 
(Shigut et al., 2017). 

Table 1: Location and coordinates of sampling site 

Sample   Point coordinate Location 

Sample A                                                 7°706418N, 
9°891373E                    

Rafinkada 

Sample B                                                 7°706750N, 
9°891606E                     

Rafinkada 

Sample C                                                 7°706748N, 
9°891362E                     

Rafinkada 

Sample D                                                 7°706674N, 
9°890679E                     

Rafinkada 

Sample E                                                 7°706858N, 
9°891258E                     

Rafinkada 

Sample preparation and conditioning 

Thermally activated sepiolite clay was obtained by 
weighing 166.62 g of raw sepiolite clay and calcined in a 

muffle furnace at 600°C for 1 hr. It was then cooled, 
sealed in an air-tight container, and labeled as TASC, while 
the raw sepiolite was tagged as non-activated sepiolite clay 
(NASC). 

The experimental design was carried out with the aid of 
"Design Expert software version 13," which suggested 
twenty-five experimental run times at varying 
temperatures (25 - 45ºC), varying dosages of sepiolite clay 
(0.2 - 4g), varying pH (4 - 11) and varying contact time (30 
- 120 minutes).  

As the design expert software recommended, varying 
amounts of TASC (0.2 – 4g) were weighed into 25 
different 100 mL of agricultural effluents. Drop-wise 
addition of 0.1 M NaOH and 0.1 M HCl was used to 
adjust the pH of the solution with the aid of a pH meter 
until the desired pH (4 - 11), varying temperature (25 - 
45ºC), and The solutions were stirred at varying contact 
time (30 – 120 minutes) with the aid of mechanical shaker 
and a water bath respectively until equilibrium was 
achieved and filtrate obtained. The same process was 
carried out on NASC. The concentration of the phosphate 
was determined before and after the batch adsorption 
process 

Characterization of sepiolite clay 

The Scanning Electronic Microscope (Model JOEL JSM 
7600F) operated with an argon atmosphere using a current 
of 6 mA for 3 min to examine the morphology of TASC 
and NASC. The Fourier Transform Infrared (FT-IR) 
(Model Nicolet iS10 FT-IR Spectrometer) determined the 
functional groups with all spectra recorded from 4000 to 
400 cm-1. 

Determination of phosphate 

The phosphate concentration before adsorptive removal 
and the residual concentration after adsorption were 
analyzed using a 721D UV/VIS spectrophotometer. This 
was done by adding 5 mL of the sample into a 25 mL 
volumetric flask; 5 mL of the molybdate reagent and 1 mL 
of tin chloride working solution were added to it 
respectively and diluted to 25 mL with distilled water. The 
absorbance was taken using a UV/VIS 
spectrophotometer at wavelength 660nm. The phosphate 
concentration in the samples was calculated using the 
regression values from the calibration curve:
 
y = 0.0004x + 0.0635, R2 = 0.9952 (Nagul et al., 2015). 

Data Analyses 

The adsorption capacity (qe) and adsorptive removal 
efficiency (Re) were calculated using the concentration 

difference between the initial and equilibrium 
concentrations in equations 1 and 2. Co = initial 
concentration of ammonium, Ce = equilibrium 
concentration of ammonium, M = mass of adsorbent (ball 
clay), V = solution volume, and Re = adsorptive removal 
efficiency (Seliem et al., 2023).  
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Adsorption capacity (qe) = 
𝐶𝑜−𝐶𝑒

𝑀
× 𝑉   (1) 

Removal efficiency (Re) = 
𝐶𝑜−𝐶𝑒

𝐶𝑜
 × 100   (2) 

To evaluate the adsorption kinetics of ammonium, the 
pseudo-first order kinetic model and pseudo-second-
order kinetic model were employed, as shown in equations 
3 and 4 where K1 and K2 are constants of the equilibrium 
rate (Ngouateu et al., 2015; Egah et al., 2019).  

Pseudo-first order kinetic model: log(𝑞𝑚 − 𝑞𝑡) =

 log 𝑞𝑚 −
𝑘1

2.303
𝑡        (3) 

Second-order kinetic model: 
𝑡

𝑞𝑡
=  

1

𝑘2𝑞𝑚
2 +  

1

𝑞𝑚
𝑡           (4) 

Where K1 and qm can be obtained from the plot of 

log(𝑞𝑚 − 𝑞𝑡) Versus (t) which gives 
𝑘1

2.303
 as slope and 

log 𝑞𝑒 As intercept for the pseudo-first order kinetic 
model, similarly, for the pseudo-second-order, the  kinetic 
constant k2 and the theoretical qm can be calculated from 

the plots of (
𝑡

𝑞𝑡
) versus (t). 

To further analyze the adsorption mechanism, the 
Langmuir and Freundlich isotherm models were adopted 
(Egah et al., 2019). 

Langmuir:    
𝐶𝑒

𝑞𝑒
=

1

𝐾2𝑞𝑜
+

𝐶𝑒

𝑞𝑜
                                            (5) 

A plot between Ce/qe versus Ce will generate a straight line 
with a slope of 1/qo and an intercept equal to 1/k2qo. 

Freundlich: lnqe = lnb +
1

n
lnCe                                    (6) 

A plot of lnqe versus lnCe produces a straight line with a 
slope= 1/n and intercept = ln b. 

RESULTS AND DISCUSSION 

The surface morphology of TASC and NASC analyzed 

using a scanning electron microscope (SEM - JEOL, JSM 

7600 F) showed the presence of good porosity that will aid 

the interaction between the phosphate molecules and the 

adsorbents. Figure 1 revealed that TASC and NASC have 

similar characters at 8000 and 10000 magnification, 

respectively. The micrograph shows the presence of 

compact tubular crystals and mono-disperse particle size 

on the surface, which increases the surface active site of 

the adsorbent for adsorption (Ahmed et al., 2015). 

However, the porosity was more prominent in NASC 

compared to TASC as displayed at 10000 magnification; 

this agrees with reports of effected temperature on the 

surface morphology of sepiolite (Feng et al., 2007; Wang 

et al., 2018). 

 

Figure 1: Scanning Electronic Microscope TASC (C) and NASC (D) at 8,000 and 10000 magnification  

The FTIR spectrum in Figures 2 and 3 is important in 

identifying surface functional groups, which greatly 

influence adsorption. Good adsorbents have specific 

properties such as large pores, oxygen availability, 

hydrogen content, and Hydroxyl group (Kibami et al., 

2014). The FT-IR spectrum of TASC and NASC reveals 

broadband within the frequency range of (3000-4000 cm-

1), synonymous with O-H stretching vibrations 

(Mohammad et al., 2010). The bands at 1650 – 1580 cm-1 

are attributed to the N-H bending vibration of an amine, 

while peaks within 1415-1380 cm-1` imply S=O stretching 

in sulfate and sulfoxide then peaks within 1200 – 1000 cm-

1 is for Si-O-Si stretching vibration mode (Borrajo et al., 

2004), the band within 920 – 905 implies O-H bending in 

carboxylic acid (Faye and Fernandez, 2014). The 730 – 665 

cm-1 peaks suggest C-H bending of alkynes, while the 

600-500 cm-1 peak implies C-Br stretching in halo 

compounds (Moradi et al., 2015).   Other bands found in 

the spectrum of NASC within 850 – 550 cm-1 are 

synonymous with alkyl halide. 
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Figure 2: FT-IR Spectrum for Thermally Activated 
Sepiolite clay (TASC) 

 

Figure 3: FT-IR Spectrum for Non-Activated 
Sepiolite Clay (NASC) 

Batch Adsorption Experiments  

The Design Expert version 13" recommends 25 
experimental runs for phosphate removal in agricultural 
effluent within varying conditions: temperature (25 - 
45ºC), a dosage of ball clay adsorbent (0.5g - 4g), varying 
pH (3 - 11) and contact time (30 - 120 minutes) with the 
corresponding residual phosphate content after 
adsorptive removal as demonstrated in Table 2.  

The optimum condition for the adsorptive removal of 
phosphate in the effluent by TASC was achieved at a 
temperature of 45oC, a dosage of 0.2 g, a pH of 7.5, and a 
contact time of 75 minutes with removal efficiencies of 
133.3 % while by NABC was achieved at a temperature of 
25oC, a dosage of 0.2 g, pH of 7.5 and contact time of 75 
minutes with removal efficiencies of 121%. This is better 
than the 90.02% phosphate removal in waste by calcined 
cockle shells at 0.1 dosage (Kasim et al., 2020) as well as 
the 79% maximum phosphate adsorption on leftover coal 
obtained at a contact time of 200 min, an initial phosphate 
concentration of 5 mg/L, and a solution pH of 2.3 
(Mekonnen et al., 2020). 

The adsorption removal efficiency of phosphate by TASC 
and NASC was over 100% at 4 and 3 conditions, 
respectively. The removal efficiencies were much more 
than the 48% and 79 % removal efficiency of phosphate 
reported using kaolin–sodium bentonite and kaolin-
organic bentonite respectively, under the condition of 
temperature 25oC adsorption time  360 minutes and pH 
9.1 (Ren et al., 2013). 

Effect of pH on adsorption of phosphate 

Figure 4 shows the mean amount of phosphate adsorbed 
increases from 35 mg/L to 40 mg/L with the 
corresponding increase in pH from 4 to 7.5, respectively. 
However, as the pH increases to 11, the amount adsorbed 
decreases to 32.5 mg/L for NASC. A similar trend was 

observed when TASC was used as an absorbent, giving an 
optimum removal of phosphate at the pH of 7.5, possibly 
due to an increase in electrostatic attraction between the 
adsorbate and adsorbents (Bolat et al., 2010). Results 
showed that at a pH of 7.5, phosphates dissociate into 
phosphorus and hydroxide ions, which were then 
adsorbed by the positively charged adsorbent surfaces. 
However, as the pH approached alkaline at 11, there was 
a decrease due to repulsion between the adsorbate – 
adsorbent surface, as the negative charges decreased 
(Denizli et al., 2001). 

 

Figure 4: Effect of pH on Adsorption of Phosphate 

Effect of adsorbent dosage on phosphate adsorption 

The effect of adsorbent dosage of TASC and NASC on 
the removal of phosphate demonstrated in Figure 5 
revealed a mean increase in percentage removal from 
37.43 mg/L to 40.0 mg/L when TASC and NASC were 
increased from 0.2 g to 4.0 g respectively. The increase 
may be due to increased surface charges that favor 
sorbent-solute interactions (Mohammad et al., 2010) and 
large surface area for phosphate adsorption (Nanganoa et 
al., 2014).  

 

Figure 5 Effect of Adsorbent Dosage on Adsorption 
of Phosphate 

3.3 Effect of temperature on phosphate adsorption 

The effect of temperature on the adsorption of phosphate 
showed that as the temperature increases from 298K - 
318K, the mean removal of phosphate decreases and sets 
as initial for TASC while for NASC decreases from 40g to 
35.25 g respectively displayed in Figure 6. This agrees with 
the assertion that temperature affects the surface 
morphology of sepiolite and sorption capacity (Feng et al., 
2007; Wang et al., 2018).
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Table 2: Phosphate residual concentrations and adsorption removal efficiency 

Run Tempt 

(oC) 

Dosage 

(g) 

pH 

 

 

Time 

(mins) 

TASC 

Res. 

Conc.   

PO4
3-

(mg/mL) 

Qe  

 

(mg/L) 

Re 

 (%) 

NASC. 

Res. 

Conc. of 

PO4
3- 

(mg/mL) 

Qe 

(mg/L) 

Re 

 (%) 

1 35 0.2 4 75 6.25 17.5 84.85 18.75 11.25 54.54 

2 25 2.1 4 75 6.25 1.67 84.85 6.25 1.67 84.84 

3 25 2.1 11 75 33.75 0.357 18.18+ 36.25 0.24 12.12 

4 35 0.2 7.5 120 3.75 18.75 90.90 16.25 12.5 60.60 

5 25 2.1 7.5 30 8.75 1.55 78.78 21.25 0.95 48.48 

6 35 2.1 11 120 13.75 1.31 66.66 11.25 1.43 72.72 

7 25 0.2 7.5 75 16.25 12.5 60.60 -8.75 20.6 121* 

8 45 2.1 7.5 120 13.75 1.31 66.66 33.75 0.36 18.18 

9 35 4 7.5 30 1.25 1 96.97 8.75 0.81 78.78 

10 35 2.1 4 120 6.25 1.67 84.85 21.25 0.95 48.48 

11 35 0.2 7.5 30 -8.75 20.6 121 11.25 15 72.72 

12 45 2.1 11 75 6.25 1.67 84.84 36.25 0.24 12.12 

13 35 4 7.5 120 11.25 0.75 72.72 28.75 0.31 30.30 

14 45 4 7.5 75 8.75 0.81 78.78 -1.25 1.03 103 

15 45 2.1 4 75 21.25 0.95 48.48 26.25 0.714 36.36 

16 35 4 4 75 3.75 0.13 90.90 1.25 1 96.96 

17 35 4 11 75 36.25 0.13 12.12 18.75 0.563 54.54 

18 45 2.1 7.5 30 18.75 1.07 54.54 -6.25 1.96 115 

19 35 2.1 4 30 6.25 1.67 84.84 28.75 0.595 30.30 

20 35 2.1 11 30 -6.25 1.96 115 8.75 1.548 78.78 

21 35 0.2 11 75 3.75 18.75 90.90 1.25 20 96.96 

22 25 2.1 7.5 120 -6.25 1.96 115 1.25 1.904 96.96 

23 35 2.1 7.5 75 18.75 1.07 54.54 36.25 0.238 12.12 

24 45 0.2 7.5 75 -13.75 20.6 133.3* 6.25 17.5 84.84 

25 25 4 7.5 75 33.75 0.19 18.18+ 38.75 0.0625 6.06+ 

IC     41.25   41.25   

 

KEY:   Re = adsorptive removal efficiency, Qe = adsorption capacity, * = Optimum adsorption, + = 
minimum adsorption, Res. Conc. = residual concentration, IC = residual concentration, 
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Figure 6 Effect of Temperature on Adsorption of 
Phosphate      

Effect of contact time on phosphate adsorption 

The effect of contact time on phosphate adsorption, 

shown in Figure 7, reveals a mean decreases from 40 to 

35.25 mg/L and 40 to 32.5 mg/L for TASC and NASC, 

respectively, as contact increases from 30 – 120 minutes 

until equilibrium was attained at 120 minutes. The 

adsorption rate appeared quite high in the first 30 minutes, 

which could be explained by the high number of 

adsorption sites from the start (Ahmed et al., 2015). As the 

time increased, the adsorption sites became gradually 

saturated until equilibrium was attained at 120 minutes 

(Riebe and Bunnenberg, 2007). This may be due to the 

ions' gradual saturation of the active sites as the contact 

time increases (Bhattacharyya and Gupta, 2011).  

 

Figure 7: Effect of Contact Time on Adsorption of 
Phosphate 

Adsorption Kinetic Model 

Data obtained from the effect of contact time on 

phosphate adsorption were fitted into the kinetic models 

as shown in equations 3 and 4. The kinetic parameters in 

Table 3 showed that both first and second-order kinetic 

models could describe the phosphate adsorption on 

TASC and NASC. From their correlation coefficient R2, it 

was observed that the Blanchard pseudo-first order gave 

better fittings with R2 values ranging from 0.9999 - 0.9999 

as compared with the Lagergren pseudo-second-order, 

which gave lower R2 values ranging from 0.9820 - 0.9984 

and the pseudo-first-order rate constant K2 was in the 

range 0.0000167 - 0.000246 g.mg-1min-1. The high value of 

R2 for the first–order shows that the pseudo-first-order 

best describes the whole adsorption process, indicating 

that physisorption is predominant on all adsorbents as the 

rate-determining step (Ajay et al., 2015). This is in contrast 

with a recent study on the adsorption of phosphate, which 

shows that the pseudo-second-order kinetic model with 

an R2 value of 0.99994 is higher than the pseudo-first-

order with an R2 value of 0.98391, which makes the 

pseudo-second-order more favorable than the first order 

(Ren et al., 2013). 

Table 3: Kinetic Parameters for Adsorption 
Lagergren First Order and Blanchard Second Order 
for Phosphate 

Model 
 

Parameter TAS NAS 

First 
Order 

K1 (min-1) 0.0000167 0.000246 

 Qe (mg/g) 
 

0.5851 0.8232 

 R2 
 

0.9999 0.9999 

Second 
Order 

 

K2 (min-1) 
 

0.000246 0.000273 

 Qe (mg/g) 
 

0.6839 0.4519 

 R2 
 

0.9984 0.9820 

KEY: TAS –Thermal Activated Sepiolite: NAS–Non-
Activated Sepiolite 

Adsorption Isotherm Models 

The isotherm parameters obtained in this study and 

displayed in Table 4 reveal that both Langmuir and 

Freundlich isotherms can describe phosphate adsorption. 

However, the correlation coefficient R2 of Langmuir 

isotherms (0.9994) was greater than that of Freundlich 

isotherms (0.8901). This suggests that the mechanism of 

phosphate adsorption is best explained by Langmuir 

isotherm. And can be concluded, based on this model, that 

the active sites on the adsorbent surface were 

homogeneously distributed and formed a monolayer 

adsorption (Bai et al., 2010). The theoretical values of 

Langmuir constants Qm and KL were calculated from the 

slope and intercept of a linear plot of 1/Qe versus 1/Ce, 

respectively, revealing Qm values of 0.3975 mg/g and 

0.3025 mg/g for TASC and NASC, respectively. The RL 

values were found to be > 1 and > 0, indicating favorable 

adsorption for all adsorbents (Krishna and Swamy, 2012). 

However, the above mechanism for phosphate adsorption 

by sepiolite clay contradicts the removal by kaolin organic 

bentonite with a correlation coefficient of 0.945 in favor 

of Freundlich isotherm (Huang et al., 2017). 
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Table 4: Isotherm Parameters for Phosphate Adsorption on Adsorbents 

Model 
 

Parameters TAS NAS 

Langmuir Isotherm 
 

Qm (mg/ml) 
 

0.3975 
 

0.3025 
 

 KL 0.0234 
 

0.0242 

 R2 
 

0.9994 
 

0.9982 
 

 RL 
 

1.036 0.080 

Freundlich Isotherm 
 

KF 

 
0.00153 0.00053 

 R2 
 

0.8579 
 

0.8901 
 

 1/n 
 

1.6356 0.7095 

 nF 
 

0.6114 1.4094 

KEY: TAS –Thermal Activated Sepiolite          NAS–Non-Activated Sepiolite

CONCLUSION 

Thermally activated sepiolite clay (TASC) and non-
activated sepiolite clay (NASC) exhibited excellent 
physicochemical attributes of good adsorbents. And can 
serve as potent adsorbents for adsorbing phosphate from 
agricultural effluents with 100% adsorption efficiencies if 
given the right pH conditions, adsorbent dosage, 
temperature, and contact time, respectively. The 
mechanism of phosphate removal is best explained using 
the linearized Langmuir isotherm and the pseudo-first-
order kinetic model. However, further studies can be 
conducted on alternative adsorbents to determine their 
urea removal efficiency. 
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