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a b s t r a c t
A new adsorbent material, aluminum modified talc clay, was synthesized for phosphate adsorp-
tion from solutions. The raw talc and aluminum coagulation were not effective than modified 
talc. Due to this reason, phosphate adsorption from synthetic solutions on modified talc was 
investigated in a batch system as a function of pH, time, concentration, temperature, solid 
amount and aluminum loading effect. Optimum conditions for modified talc were determined as 
pH (11), temperature (40°C), concentration (200 mg/L), time (20 min), solid amount (1 g/50 mL), 
and aluminum loading (1.5 g AlCl3/10 g talc/50 mL pure water). Optimization of phosphate adsorp-
tion onto modified talc was realized by central composite experimental design using Minitab 
16.0 program. The statistically importance sequence of parameters were dosage, dosage–dosage, 
pH–dosage, pH, pH–pH, concentration, dosage–concentration, pH–concentration and concentra-
tion–concentration. The kinetics of removal obeyed the pseudo-second-order model rather than 
pseudo-first-order model. The isotherm data fitted well to the Langmuir isotherm. The thermo-
dynamic analysis of phosphate adsorption indicated non-spontaneous and physical adsorption 
of phosphate. The rate controlling mechanism for adsorption was particle diffusion. The XRD 
analysis for raw talc was done. FTIR-ATR analysises for raw, modified and phosphate adsorbed 
modified talc were done. SEM images before and after adsorption was interpreted. According to 
obtained results, the modified talc was found as an effective adsorbent for phosphate removal 
from uncomplex wastewaters for control of eutrophication and for production of drinking water. 
Maximum phosphate capacity was calculated as 37.45 mg/g.

Keywords:  Phosphate adsorption; Aluminum modified talc; Langmuir isotherm; Central composite 
design; Pseudo-second-order

1. Introduction

The eutrophication occurs due to phosphorus concen-
tration increase in lake waters [1]. There is no gas phase of 
phosphorus element in the ecosystem [2]. The eutrophi-
cation is proliferation of the blue-green algae population 
[3]. The eutrophication prevents the usage of water in dif-
ferent purposes [4]. Phosphorus is generally available in 

waters as meta-phosphate, pyro-phosphate, ortho-phos-
phate, poly-phosphate and organic phosphates. The phos-
phate reaches into surface waters from fertilizers, decaying 
of forest plants, weathering of phosphate rocks, phosphate 
processing industries and municipal wastewaters [5]. 
The standart value of phosphorus (PO4–P) is recommended 
as below 0.5 mg/L for drinking water consumption (Europian 
Council Standard) [5]. USEPA recommends to criterons for 
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control eutrophication: if there is discharge from point 
source to reservoir, total PO4–P should be ≤0.05 mg/L), if 
only for reservoirs, total PO4–P should be ≤0.025 mg/L [5]. 
The calcium and phosphorus play as improving role in 
bones [6] and high concentration of phosphate in drinking 
waters results in digestive system disease [5]. Phosphate 
removal from wastewaters and from phosphate-containing 
drinking water sources is therefore a global necessitate [5].

The physico-chemical techniques for phosphate removal 
are adsorption [1,2], ion exchange [7], coagulation [8], elec-
tro-coagulation [9], biosorption [10], biological treatment 
[11]. In the case of cheap adsorbents usage, adsorption is 
an applicable method in phosphate removal. Adsorption 
has been extensively investigated for phosphate removal 
from waters [1,2,12,13]. However, aluminum loaded talc 
is a new and candidate adsorbent material for phosphate 
adsorption from waters.

The zeta potential of clay surface controls the stabil-
ity of colloids in aqueous mediums. The broken edges 
of clays like silicon and aluminum determine to surface 
potential and adsorption ability [14]. Talc framework for-
mula is Mg3(Si2O5)2(OH)2. Talc forms from two tetrahedral 
and one octahedral layers and it is a layered magnesium 
silicate [14,15]. The World talc amount has 2.4 billion ton 
capacity. Ultramafic talc deposits and talc deposits within 
dolomites are the main significant talc deposits [14,15].

Firstly, Box and Wilson defined the response surface 
optimization method. They determined the experimental 
matrix giving the maximum output with the least num-
ber of experimental runs. The model obtained from the 
response surface method is formed with the help of regres-
sion analysis. The importance of the main factors in the 
model or their interactions is determined by the regression 
coefficients and confidence constants (p). The response sur-
face method is used in many areas of science and industry. 
In the response surface method, the effects of two or more 
factors on output can be determined. The results obtained 
can be analyzed with three-dimensional and counter graph-
ics. The model obtained by the response surface method 
is wanted to estimate the optimum experimental param-
eter values. The effectiveness of model can be learned by 
the coefficient of determination value (R-adj) that should 
be very close to 1 [16].

In this study, phosphate adsorption was tested by raw 
talc, aluminum coagulation and aluminum modified talc 
and the effect of pH, concentration, solid amount, tem-
perature, time and aluminum loading was investigated. 
Isotherm, kinetic and diffusion mechanism analysis were 
conducted. Optimization of phosphate adsorption data 
was done by central composite design tool of response 
surface method. XRD analysis of raw talc was done. FTIR-
ATR analysis of raw talc, aluminum talc and phosphate 
adsorbed aluminum talc were evaluated. SEM images of 
modified talc and phosphate adsorbed modified talc was 
interpreted. The newly synthesized aluminum talc adsorbent 
is the promising material for adsorption and precipitation 
of phosphate from waters. The end product of the adsorp-
tion can be used in agriculture as phosphate and aluminum 
rich fertilizer. From this point of view, there would not be 
any adsorption worthless end waste. For instance, it was 
reported that the combined application by aluminum sulfate 

at a rate of 500 kg/hm2 with organic-inorganic compound 
fertilizer was an effective amendment of saline-sodic soils 
in Songnen Plain, Northeast China [17].

2. Materials and methods

2.1. Equipments and used chemicals

The glass 100 mL sample bottles were used to fill 
phosphate solutions. The solutions were prepared on a 
magnetic stirrer (Hot Stirrer MS-300HS). The solution tak-
ing was done by automatic pipets (1, 5 mL) (Vitlab prod-
uct). An incubator shaker was used for modification and 
phosphate adsorption experiments (JSR product). A pH 
meter was immersed into solutions for pH measurement 
and adjustment (WTW Multi 340i, Germany). A tempera-
ture controlled water circulator was connected to jacketed 
batch reactor for control of temperature in kinetic experi-
ments (Labo SM 3 product). A 1.3 L jacketed batch reactor 
that provides to heating and cooling of water was used in 
kinetic experiments (İldam glass product, Turkey). A vac-
uum filtration device was used with special filtration tubes 
for separation of clay phase from liquid phase (Rocker 300 
product). The prepared modified clay was dried in an oven 
(Nüve FN 400). KH2PO4 salt (136.09 g/moL) was dissolved in 
pure water to prepare 1,000 mg/L phosphate stock solution 
(PO4

3–) and KOH and HCl were used for adjustment of pHs 
of solutions (Merck products). Phosphate analysis was done 
according to book of Standard Methods for Examination 
of Water and Wastewater by applying stannous chloride 
method [18]. The calibration curve for phosphate analysis 
was adjusted between 0 and 2 mg/L concentration. A spec-
trophotometer was used for measurement of phosphate 
absorbance values using quartz cuvettes. The percentage 
errors (reproducibility) for several analysis were calculated 
as 4.06%–16.7%. Aluminum chloride (Merck product) was 
used for preparation modification solutions. The raw talc 
clay was supplied from Emirdağ District of Afyon city in 
Turkey. Talc is not soluble in water, and is slightly solu-
ble in dilute mineral acids. JCPDS card number for XRD 
was 83–1768. The modified talc sample with 0–850 µm 
particle size has 4,958.4 nm average pore diameter. XRD 
patter of the raw talc was analyzed to determine the frame-
work crystallinity of clay and measure of the responsible 
peaks. FTIR-ATR analysis was carried out to determine 
the surface molecules or molecule morphology peaks.

2.2. Modification experiments

The talc clay was modified by treating 0.5, 1, 1.5, 2 g 
aluminum chloride amounts with different 10 g raw talc in 
50 mL pure waters during 24 h at 200 rpm speed and room 
temperature. The modification experiments were carried 
out in an incubator shaker at room temperature. After treat-
ing talc, the mixture was filtered with Whatman filter paper 
and dried at 103°C in an oven. Optimum loading for phos-
phate adsorption was obtained for modification conditions 
of 1.5 g aluminum chloride dosage for 10 g talc in 50 mL 
pure water. But, further experiments were carried out with 
modified talc at modification conditions of 10 g aluminum 
chloride dosage, 100 g talc in 500 mL pure water by Jar test 



M. Korkmaz et al. / Desalination and Water Treatment 245 (2022) 178–190180

apparatus. As this study aims to determine the parame-
ters affecting phosphate adsorption by one factor at a time 
experiments, the application of 1.5 g aluminum chloride 
loading is not important. The effect of aluminum loading 
on phosphate adsorption was tested at experimental condi-
tions of pH = 11, 20°C, 1,000 ppm phosphate, 50 mL phos-
phate solution, 200 rpm, 0–850 µm particle size, 20 min, 1 g 
modified talc. A 4 mL solutions were pipetted, filtered and 
diluted for analysis.

2.3. Time effect experiments

Time experiments were conducted in a jacketed batch 
reactor connected with a temperature controlled water cir-
culator. The experimental parameters were pH = 5.6–6.24 
(natural), 200 rpm, 20°C, 5 g adsorbent, 0–850 µm modified 
talc, 0–850 µm raw talc, 200 mg/L phosphate, 250 mL solu-
tion volume. The reason of the natural pH was to establish 
the optimum adsorption time and reaction degree, also 
there was no necessitate for application optimum pH and 
completing phosphate removal from synthetic solution 
as it was not a real wastewater. The jacketed reactor had 
1.3 L volume. Time interval was 0, 5, 10, 20, 30, 40, 50 min. 
Firstly, 250 mL solution volume was prepared and filled to 
reactor and adsorbent was added while it was being stirred 
and heated and 4 mL solution sample was pipetted at pre-
determined time interval. The samples were filtered using 
Whatman filter paper under vacuum filtration with a spe-
cial filtration tube. The filtrates were diluted and analyzed 
with stannous chloride method.

2.4. pH effect experiments

The pH effect was tested by adjustment of solution pHs 
with 0.1 M KOH and HCl solutions or concentrated HCl 
and KOH granules. After adjustment of pHs, concentra-
tions and temperatures, the raw or modified talc powders 
with 0–850 µm particle sizes were added to the phosphate 
solutions. The liquid-solid mixture was treated in an incu-
bator shaker during 20 min at 200 rpm speed, pH = 4–11, 1 g 
clay amount, 20°C, 50 mL, 200 mg/L, 0–850 µm particle size 
and at the end of adsorption period, 4 mL the solid–liquid 
phase was filtered with Whatman filter paper. The filtrates 
were diluted and analyzed. The raw talc had low perfor-
mance for adsorption, therefore, only modified talc was 
used for further experiments. To compare the performance 
of alone aluminum against phosphate, aluminum coagu-
lation with aluminum chloride was performed and for this 
purpose 0.1 g aluminum chloride amounts were added to 
the 50 mL solutions at 200 mg/L phosphate, 20°C ± 2.5°C, 
100 rpm, pH = 4–11. In modification, 100 g raw talc 
adsorbed all aluminum cations of 10 g aluminum chloride.

2.5. Concentration effect experiments

The concentration effect of the phosphate solutions 
was studied by diluting 1,000 mg/L stock solution to 100–
1,000 mg/L phosphate concentrations and stock solution 
was prepared by dissolving appropriate amount of KH2PO4 
salt. The low concentrations were prepared by dilution and 
1,000 mg/L concentrations were directly taken from stock 

solution. After adjustment of phosphate concentrations, the 
pHs and temperatures of the solutions were adjusted and 
1 g modified talc was added to each of the solutions for 
treating in incubator shaker. These mixtures were treated 
during 20 min at 200 rpm speed, pH = 11, 20°C, 50 mL, 100–
1,000 mg/L, 0–850 µm particle size, then 4 mL solution fil-
tered with Whatman filter paper, diluted and analyzed.

2.6. Clay amount effect experiments

The modified talc amount effect was studied by add-
ing 0.1, 0.25, 0.5, 1 g modified clay amounts to 50 mL solu-
tions of which concentration, temperature and pHs were 
adjusted before. The clay added solutions were treated 
during 20 min at 200 rpm speed in an incubator shaker. 
At the end of the adsorption, the 4 mL solutions were fil-
tered with Whatman filter paper, diluted and analyzed. 
The experimental parameters were pH = 11, 200 rpm, 20°C, 
50 mL, 200 mg/L, 0–850 µm particle size, 20 min.

2.7. Temperature effect experiments

The prepared phosphate solutions were firstly adjusted 
to desired temperature, concentration and pHs and mod-
ified talc was added and treated in an incubator shaker 
during 20 min. At the end of the adsorption, the 4 mL solu-
tions were filtered with Whatman filter paper, diluted and 
analyzed. The experimental parameters for phosphate 
adsorption were pH = 11, 200 rpm, 1,000 mg/L, 1 g modi-
fied talc, 50 mL, 0–850 µm particle size, 20 min. The tem-
perature range was 20°C–40°C.

2.8. Optimization experiments

Optimization experiments were carried out in an 
orbital incubator shaker at constant experimental matrix 
values. The phosphate solutions adjusted at different con-
centrations (200–600 mg/L), pHs (3–11) and solid amounts 
(0.2–1 g/50 mL) were treated at temperature 20°C, 200 rpm 
stirring speed, 50 mL solution volume, 20 min operation 
time, 0–850 µm particle size. After adsorption, 4 mL treated 
solutions were filtered with Whatman filter paper using 
a special filtration tubes, diluted and phosphate analysis 
was done according to stannous chloride method. The rea-
son of applying 20°C for all the solutions was for applying 
the room temperature because natural solution tempera-
tures were high this value. The applying modification con-
ditions was 1 g Al(Cl)3/10 g talc/50 mL pure water instead 
of 1.5 g Al(Cl)3/10 g talc/50 mL, because only parameters 
interaction effects for optimization were wanted to see.

3. Results and discussion

3.1. Modification effect on phosphate adsorption

The clay minerals are of capability for adsorption of 
anions and cations; however, the modification of clay min-
erals with proper chemicals improves the capacity when 
more polluted wastewaters are being treated. Nowadays, 
clay minerals modified with sulfactants, metal oxides or 
hydroxides and clay composites have been investigated by 
many researches [2,19–21]. In this study, the raw talc mineral 
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was modified with aluminum cation to enhance the capac-
ity of talc clay because raw talc adsorbed the low amount 
of phosphate anion. The phosphate adsorption onto alumi-
num modified talc sample was studied at aluminum chlo-
ride condition of 0.5, 1, 1.5, 2 g/10 g raw talc/50 mL solution. 
The results are given in Fig. 1. The experimental parameters 
are pH (11), 20°C, 1,000 mg/L, 50 mL, 0–850 µm, 20 min, 
1 g talc clay. As can be seen in Fig. 1, optimum dosage for 
phosphate adsorption was determined as 1.5 g aluminum 
chloride on 10 g of talc in 50 mL solution. The decrease of 
phosphate adsorption at 2 g aluminum chloride dosage 
was considered to be occurred due to structural deteriora-
tion of raw talc by high aluminum loading. This structural 
deterioration is probably due to the exchange of struc-
tural magnesium and silicon with aluminum. Adsorption 
capacity values for 0.5, 1, 1.5, 2 g aluminum chloride 
were calculated as 14.65, 16.14, 37.45 and 17.35 mg/g.

3.2. Time effect study

The time experiments of adsorption give informa-
tion about the retention time for batch reactor design. The 
results for raw and aluminum modified talc clay are given 
in Fig. 2. The experimental parameters were pH = 5.60–6.24 

(natural), 200 rpm, 20°C, 5 g, modified talc 0–850 µm, raw 
talc 0–850 µm, 200 mg/L, 250 mL. The removal percent-
ages for modified talc are 75.37%, 79.33%, 81.23%, 80.88%, 
86.57%, 88.46% for 5, 10, 20, 30, 30, 40, 50 min. The capacities 
were 7.54, 7.93, 8.12, 8.09, 8.65, 8.85 mg/g for 5, 10, 20, 30, 
40, 50 min. It is clear from the figure that raw talc did not 
adsorb the phosphate while modified talc shows high affin-
ity. The adsorbed aluminum cations provided high positive 
charge on the raw talc and more phosphate adsorbed on it.

3.3. pH effect study

The solution pHs were adjusted in the range of 4–11 
for phosphate adsorption onto raw and modified talc 
clay. The raw talc adsorbed low phosphate at pHs range 
of 8–11. The results are given in Fig. 3. The experimental 
parameters are 1 g clay, 20°C, 200 rpm, 50 mL, 200 mg/L, 
20 min, 0–850 µm. The removal percentages for modified 
talc are 64.54%, 58.70%, 66.60%, 76.57%, 84.47%, 92.75% 
for 4, 5.5, 7, 8, 9.5, 11 pHs. The adsorption capacities were 
6.45, 5.87, 6.66, 7.65, 8.45, 9.275 mg/g. Phosphate capacity 
of modified talc increased with pH increase from 4 to 11  
and this was probably due to formation of high aluminum 
hydroxide on talc surface resulting adsorption and precip-
itation of phosphate. Further experiments were carried out 
by modified talc by mixture of 100 g raw talc, 10 g alumi-
num chloride and 500 mL pure water. The phosphate anion 
types based on pHs at 500 mg/L concentration and 25°C tem-
perature are given in Fig. 4A [22] and aluminum ion types 
based on pHs are given in Fig. 4B [23]. As can be seen in 
the figures, while amorf aluminum hydroxide amounts 
were being increased with pH increase, the negativity of 
charged phosphate ions increased by increasing pHs. Thus, 
the phosphate adsorption onto aluminum modified talc 
increased by the increase of negative charged phosphates 
and high amorphous aluminum hydroxide and positive 
surface aluminum. Similarly, phosphate removal by alumi-
num sulphate and poly aluminum chloride showed same 
trend for increasing pH from 5 to 9 showing the effec-
tiveness of Al(OH)3 and Al3+ for phosphate removal from 
waters [24]. The point of zero charge values of modified 
talc were measured between 2–11 pHs (Fig. 5). The point 
of zero charge was obtained at 7.75. Due to high value of 
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Fig. 1. Modification effect on phosphate adsorption (pH = 11, 
20°C, 1,000 mg/L, 50 mL, 200 rpm, 0–850 µm, 20 min, 1 g modi-
fied talc).

 

Fig. 2. Time effect on phosphate adsorption (pH (5.6–6.24 
natural), 200 rpm, 20°C, 5 g adsorbent, 0–850 µm modified 
talc, 0–850 µm raw talc, 200 mg/L phosphate, 250 mL solution 
volume).

 Fig. 3. pH effect on phosphate adsorption and coagulation 
(Adsorption: 20 min, 200 rpm, 1 g talc, 20°C, 50 mL, 200 mg/L, 
0–850 µm particle size) (Coagulation: 50 mL, 100 rpm, 20°C, 
0.1 g aluminum chloride, 20 min, 200 mg/L).
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initial pH (11) and high concentration of potassium from 
KOH may cause to unchanging equilibrium pH at pH 11. 
The negative surface of raw talc did not adsorb the neg-
ative phosphate but aluminum hydroxide at surface of 
modified talc showed more affinity against the phosphate. 

The figure is given in Fig. 5. Up to pHpzc value of 7.75, the 
modified talc surface behaved the neutralizer for hydrogen 
ions, above pHpzc, modified talc adsorbed hydroxyl ions.

3.4. Concentration effect

Concentration effect was studied at range of 100–
1,000 mg/L. The removal percentage and adsorption capac-
ity results are given in Fig. 6. The experimental parameters 
are pH = 11, 200 rpm, 20°C, 50 mL, 0–850 µm, 20 min, 1 g 
modified clay. The removal percentages are 70.45%, 92.75%, 
72.40%, 65.56%, 55.95%, 48.65%, 32.28% for 100, 200, 300, 
400, 500, 750, 1,000 mg/L. Adsorption capacities were 3.52, 
9.275, 10.86, 13.11, 13.99, 18.24, 16.14 mg/g for 100, 200, 300, 
400, 500, 750, 1,000 mg/L. Phosphate removal efficiency of 
modified talc increased at low concentrations and the capac-
ity of modified talc increased at high concentrations. This 
capacity increase can be related with concentration gradi-
ent increasing at high concentrations [14]. At low concen-
trations, the effective surface area increased the removal 
percentage. Similarly, boron adsorption onto aluminum 
modified talc showed the same trend [14]. The same concen-
tration dependence of adsorption of Pb(II) on activated car-
bon was reported by Kim et al. [25]. A similar observation is 
noticed by other researchers for acid-factionalised biomass 
material for methylene blue dye removal [26]. The differ-
ence between 100 and 200 mg/L concentrations may be due 
to the mass balance between solid and phosphate [27].

3.5. Clay amount effect study

The modified talc clay amount effect was studied at 
0.1, 0.25, 0.5, 1 g amounts and phosphate adsorption effi-
ciency increased with increasing clay amounts. The rea-
son of increasing efficiency of high talc amount was due to 
the high surface area of modified talc at high clay dosages. 
This is the routine trend for adsorption studies [14]. The 
results are given in Fig. 7. Experimental parameters are 
pH = 11, 200 rpm, 20°C, 50 mL, 200 mg/L, 0–850 µm, 20 min. 
The removal percentages are 19.88%, 39.11%, 74.51% and 
92.75% for 0.1, 0.25, 0.5, 1 g dosages. Adsorption capacities 
are 19.88, 15.65,14.90, 9.275 mg/g for 0.1, 0.25, 0.5, 1 g clay 

 

 
Fig. 4. (A) Phosphate ion types based on pHs and (B) aluminum 
ion types based on pHs.

 

Fig. 5. Point of zero charge of modified talc (0.5 g talc, 200 rpm, 
50 mL, 0–850 µm, 10 g aluminum chloride/100 g talc/500 mL, 
25°C, 40 min).
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Fig. 6. Concentration effect on phosphate adsorption (20 min, 
200 rpm speed, pH (11), 20°C, 50 mL, 100–1,000 mg/L, 0–850 µm 
particle size, 1 g modified talc).
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dosages. Similar observations have been reported for Co(II) 
removal from waters by activated carbon and metal ion 
removal percentage increased with adsorbent increase [28].

3.6. Temperature effect study and thermodynamic analysis

The temperature has either endothermic or exothermic 
nature for adsorption of pollutants and phosphate adsorp-
tion was studied at temperature range of 20°C–40°C. The 
optimum temperature was determined as 40°C, and this 
result showed the endothermic trend of the adsorption 
[29,30]. The results are given in Fig. 8. Experimental param-
eters are pH = 11, 1,000 mg/L, 50 mL, 0–850 µm, 20 min, 
1 g modified talc, 200 rpm. The thermodynamic analy-
sis of adsorption processes can be used as tool for gaining 
information about nature of adsorption and spontaneity of 
adsorption. The Gibbs free energy, enthalpy and entropy 
can be calculated as follows [31].

�G RT K� � � �ln  (1)

lnK S
R

H
RT

� �
� �  (2)

K
Q
C
e

e

=  (3)

where ΔG is the free energy change (J/mol). ΔH is the 
enthalpy change (J/mol). ΔS is the entropy change (J/mol K). 
K = (Qe/Ce) is the equilibrium constant (L/g). T is absolute 
temperature (K) and R is the universal gas constant (8.314 J/
mol K). Thus ΔH and ΔS can be determined from the 
slope and intercept of the linear Eq. (2) respectively.

The Gibbs free energy change of phosphate adsorp-
tion was calculated as 8.38, 8.2, 7.99 kJ/mol for 20°C, 30°C, 
40°C. The enthalpy and entropy of adsorption were cal-
culated as 14.17 kJ/mol and 19.7 J/mol K, respectively. 
The positive enthalpy and entropy indicated to endother-
mic adsorption and increasing adsorption–desorption 
rate. The figure belonging to ln(K) vs. (1/T) is given in 
Fig. 9. While the enthalpy range for physical adsorption 
is between 20 and 40 kJ/mol, this value for chemisorption 
is between 80 and 400 kJ/mol [32]. The positive change of 
Gibbs free energy with temperature indicated to the non-
spontaneous nature of adsorption. The phosphate adsorp-
tion occured on surface and pore by physical binding 
and weakly van der Waals forces.

3.7. Kinetic study

The pseudo-first-order and pseudo-second-order kinetic 
models were applied to the kinetic data. Lagergren (1898) 
was firstly tested the pseudo-first-order rate model to oxalic 
acid and malonic acid binding onto charcoal and the model 
is as follows [33]:

ln lnq q q k te t e�� � � � 1  (4)

In 1995, Ho described the divalent metal ions adsorp-
tion onto peat. The pseudo-second-order kinetic model is 
given as follows [34].

t
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where k1 and k2 are pseudo-first-order and pseudo-
second- order rate constants. qe is the adsorbed amount at 
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Fig. 8. Temperature effect on phosphate adsorption (pH (11), 
200 rpm, 1 g modified talc, 50 mL, 1,000 mg/L, 0–850 µm particle 
size, 20 min).

 

Fig. 9. Thermodynamic analysis of phosphate adsorption (the 
average values of temperature effect was taken).

 

Fig. 7. Clay amount effect on phosphate adsorption (pH (11), 
200 rpm, 20°C, 50 mL, 200 mg/L, 0–850 µm particle size, 20 min).
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equilibrium. qt is the sorbed amount at any time t. The coef-
ficient of determination values near to 1 shows the fitness 
of models to the data.

The kinetic data fitted to the pseudo-second-order model 
(R2 = 0.997) rather than pseudo-first-order model (R2 = 0.737). 
The kinetic analysis is given in Fig. 10. The mechanisms 
limiting the adsorption of phosphate to modified talc are 
surface film diffusion, particle diffusion and ash layer 
diffusion limitations and models are as follows [35];

A fractional approach to the equilibrium:

F
C C
C C

t

e

�
�� �
�� �

�

�
�
�

�

�
�
�

0

0

 (6)

Film-diffusion controlled process:

ln 1�� � � �F k tf  (7)

Particle-diffusion controlled process:

ln 1 2�� � � �F k tp  (8)

Moving boundary process (ash layer):

3 3 1 2
2 3

− −( ) − =F F k tm
/  (9)

where F is the fractional approach to the equilibrium. kf is 
the film diffusion rate constant. kp is the particle diffusion 
rate constant. km is the moving boundary process (ash layer) 
rate constant.

According to analysis results, phosphate adsorption 
onto aluminum modified talc surface was firstly controlled 
by particle diffusion (R2 = 0.917), secondly by film diffusion 
(R2 = 0.915), third ash layer diffusion (R2 = 0.884). The anal-
ysis is given in Fig. 11. As mechanism, the external alumi-
num cations exchanged with structural magnesium and 
adsorbed on external surface and pores of modified talc. 
Thus, the aluminum loading provided positive charge for 
adsorption of phosphate. The molecular size of phosphate 
anions is smaller than pores of modified talc. The pore 
size of the aluminum talc was measured as 4,958.4 nm and 
molecular size of phosphate molecule is about 1.15 nm. 
The reason of particle diffusion may be due to:

• The average pore size of modified talc is more larger 
than phosphate anion and its size is 4,958.4 nm but in 
the pores, several micrometer particles (one or two or 
three micrometer) can be found and also these parti-
cles have own diffuse layer (electron dust), therefore 
the pores may be bloked from these particle and there-
fore there may be pore in pore that may cause to pore 
diffusion.

• At high pHs, also aluminum may coagulate the small 
clay particles in the pores and probably bloke the 
pores. These situations can be seen in SEM images.

3.8. Isotherm study

The isotherm analysises give information for design of 
a batch reactor, adsorbent surface energy morphology and 
mechanism of adsorption. The most useful isotherm models 
are Langmuir and Freundlich models. The Langmuir iso-
therm is generally characterized by monolayer adsorption 
of pollutants and it is given as follows [36]:

C
q q k

C
q

e

e m L

e

m

� �
1  (10)

where Ce is the equilibrium concentration in liquid phase 
(mg/L). qe is the maximum amount of the phosphate 
adsorbed (mg/g). qm is qe for a complete monolayer (mg/g). 
kL is a sorption equilibrium constant (L/mg).

The Freundlich isotherm generally describes the mul-
tilayer adsorption and it generally describes the physical 
adsorption and the model is as follows [37]:

ln ln lnq k
n

Ce F e� �
1  (11)

where Ce is the equilibrium concentration in liquid phase 
(mg/L). qe is the maximum amount of phosphate adsorbed 
(mg/g). kF is the Freundlich adsorption capacity. 1/n is 
sorption equilibrium constant.

The isotherm data belonging to Fig. 6 fitted to the 
Langmuir isotherm with a coefficient of determination 
value of 0.986 while Freundlich isotherm fitted with 0.871 
coefficient of determination value. The isotherm parameters 
are given in Table 1.
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Fig. 10. Kinetic model fitness to the data.
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3.9. Central composite design of experiments 
for phosphate adsorption

The response surface methodology was explained by 
Box and Wilson. They reported the very low experimental 
run in the experimental matrix giving the optimum out-
put [16]. Generally, the RSM analysis is formed from three 
stages, namely the elimination study provides the low run, 
ANOVA analysis of the factors for regression model devel-
opment, the analysis of factor levels to obtain the optimum 
conditions. The regression model is useful to relate the 
factor and response in a mathematical model such as the 
response function (Eq. 12).

Removal %( ) = + + + +
+ + +
+

b b X b X b X b X X
b X X b X X b X X
b

1 1 2 2 3 3 4 1 1

5 1 1 5 2 2 6 3 3

7XX X b X X b X X
b X X X

1 2 8 1 3 9 2 3

10 1 2 3

+ +
+ + ε  (12)

The response surface optimization of pH (3–11), con-
centration (200–600 mg/L) and solid (0.2–1 g/50 mL) were 
carried out by central composite design approach using 
modified talc. The experimental matrix parameters are 
given in Table 2. The experimental matrix, responses 
and predicted results calculated by model are given in 
Table 3. The ANOVA analysis is given in Table 4. The central 

composite design was applied for optimization with total 
15 experimental runs. For central composite design, the 
Minitab 16.0 program was used. The P values (probability 
constants) were used as control parameter to check the reli-
ability of the developed statistical model, individual and 
interaction effects of the parameters. In general, the larger 
the magnitude of t and the smaller the value of p, the more 
significant is the corresponding coefficient term [38]. The 
surface plots of phosphate removal are given in Fig. 12. 
As can be seen in Fig. 12A, phosphate removal percentage 
increased with clay amount increase and concentration 
decrease. The removal percentage increased with concen-
tration decrease and pH increase (Fig. 12B). Solid and pH 
increase raised the removal efficiency (Fig. 12C). ANOVA 
analysis showed that the all the factors are statistically 
insignificant in respect to 95% confidence level. Therefore, 
the regression model would be give some distortion for 
estimation of responses at a given experimental factors and 
95% confidence level. The regression model can be given  
is as follows:

Removal pH
pH pH

% . . .
. .

� � � � �

� � � �

50 7234 6 0883 16 05890
0 0784 0 4382

D
C 115 2315

0 00 7 3010 0 0009
0 0293

.
. . .
.

D D
C C D C
D C

�
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� �

pH pH
 (13)

Table 3
Experimental matrix for phosphate removal (20°C, 200 rpm, 50 mL, 20 min, 0–850 µm)

Parameters Response

pH Solid (g/50 mL) Concentration (mg/L) Phosphate (%) Capacity (mg/g) Predicted (%)

5 0.4 300 32.8426 12.3160 21.439
9 0.4 300 49.3342 18.5003 32,227
5 0.8 300 49.7923 9.3361 31.638
9 0.8 300 63.5353 11.9129 54.107
5 0.4 500 10.2927 6.4329 2.515
9 0.4 500 11.6670 7.2919 12.583
5 0.8 500 10.4645 3.2702 10.370
9 0.8 500 37.9504 11.8595 32.119
3 0.6 400 13.4765 4.4922 14.224
11 0.6 400 49.2655 16.4218 46.761
7 0.2 400 6.6050 6.6050 6.177
7 1 400 37.2404 7.4481 35.912
7 0.6 200 26.0170 4.3362 43.937
7 0.6 600 24.9481 12.4740 3.025
7 0.6 400 20.6343 6.8781 23.481

Table 1
Isotherm analysis of data belonging to Fig. 6

Constant Langmuir Freundlich

kL qm R2 n kf R2

Modified talc 0.0316 17.54 0.986 5.81 53.21 0.871

Table 2
The low and high values of parameters

Parameter and levels –2 –1 0 1 2
pH 3 5 7 9 11
Solid amount (g/50 mL) 0.2 0.4 0.6 0.8 1
Concentration (mg/L) 200 300 400 500 600



M. Korkmaz et al. / Desalination and Water Treatment 245 (2022) 178–190186

where, pH is solution pH, C is solution concentration 
(mg/L), D is modified clay dosage (g/50 mL). The predicted 
response was recalculated by the model and compared 
with real data in Table 3.

3.10. XRD, SEM and FTIR-ATR analysis of adsorbents

The XRD pattern of raw talc is given in Fig. 13 showing 
the characteristic peaks for raw talc and some impurities. 

JCPDS card number for XRD was 83-1768. The FTIR-ATR 
spectrum of raw talc, aluminum talc [14] and phosphate 
adsorbed modified talc sample is given in Fig. 14A–C. 
As can be seen in Fig. 14A and B, the bands between 
3,675 and 3,660 cm−1 are associated with the stretching of 
OH associated with magnesium (Mg–OH and Mg3–OH) 
[39,40]. Also, the peaks between 3,000 and 3,660 cm–1 are 
probably due to the aluminum hydroxide and water-OH 
groups (Fig. 14B) [41]. The band at 1,639 cm−1 is associ-
ated with the deformation vibration of water molecules 
(Fig. 14B). One can observe the vibration bands attributed 
to the Si–O–Si at 943.33, 979, 945.96 cm–1 [40]. The Si–O 
bands are seen at 755 cm−1 [40]. The FTIR-ATR peak increase 
from 3386 to 3391.87 cm–1 in Fig. 14C is probably due to 
the phosphate adsorbed on aluminum hydroxide. The 
peak for 1,418 cm–1 belongs to water molecules or organic 
impurity. SEM images of modified and phosphate adsorbed 
modified talc are given in Fig. 15. As can be seen in the 
figure, the more small particle are collected on phosphate 
adsorbed modified talc surface. Also, the pores are more 
clear for modified talc images. Pore blockages are more 
visiable for phosphate adsorbed modified talc samples.

3.11. Comparison of modified talc with other adsorbents

The modified talc clay was compared with other clays 
and adsorbents such as kaolinite, monmorillonite, illite, 
halloysite modified with different cation [42–47]. It is clear 
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(C) 

Fig. 12. Surface plots based on pHs, concentrations and modified clay amounts.

Table 4
ANOVA analysis of phosphate removal

Term Model constant T P

Constant 50.7234 0.265 0.802
pH –6.0883 –0.273 0.796
Dosage 16.0589 0.076 0.942
Concentration –0.0784 –0.166 0.875
pH–pH 0.4382 0.360 0.733
Dosage–Dosage –15.2315 –0.125 0.905
Concentration–Concentration 0.0000 0.058 0.956
pH–Dosage 7.3010 0.510 0.632
pH–Concentration –0.0009 –0.030 0.977
Dosage–Concentration –0.0293 –0.103 0.922
P: confidence level and T: Student-t test
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from Table 5 that the adsorption capacity of modified talc 
is very promising for phosphate removal from waters and 
wastewaters (Table 5). Its maximum phosphate capacity was 
calculated as 37.45 mg/g.

4. Conclusions

In this study, phosphate removal from synthetic solutions 
by raw and aluminum loaded talc clay was studied at batch 
system. The raw talc adsorbed low phosphate at applied 
conditions. The optimum parameters for modified talc 
were obtained as pH = 11, temperature 40°C, 1 g adsorbent, 
50 mL solution volume, 200 ppm, 20 min, 1.5 g aluminum 
chloride for 10 g talc in 50 mL solution. The optimization 

of phosphate adsorption onto aluminum modified talc was 
done by central composite design approach testing 15 dif-
ferent experimental runs. Based on confidence analysis, the 
all factors are statistically insignificant. The process kinetic 
data could be described by pseudo-second-order kinetic 
model and particle diffusion controlled the phosphate 
adsorption. Langmuir isotherm fitted to the equilibrium 
data. It was considered that the high aluminum loading 
caused to structural deterioration and the removal yield 
lowered at 2 g aluminum chloride amount. The synthe-
sized clay mineral was found as effective adsorbent mate-
rial for phosphate removal from solutions. The coagulation 
of phosphate by aluminum chloride gave lower values 
from modified talc and it was not selected therefore.

 
Fig. 13. XRD pattern of raw talc clay.

Table 5
Comparison of modified talc with some different modified clay adsorbents

Adsorbent Phosphate capacity (mg/g) Reference

Lantanium-bentonite 18 [42]
İllite saturated with different cations 0.971 [43]
Kaolinite saturated with different cations 0.516 [43]
Montmorilloinite saturated with different cations 0.638 [43]
Halloysite nanotubes 3 [44]
Iron modified halloysite nanotubes 5.5 [44]
Alginate/Goethite composite 36.4 [45]
Zirconium/magnesium-modified bentonite 13 [46]
Hydroxy-aluminum pillared bentonite 12.7 [47]
Hydroxy-iron pillared bentonite 11.2 [47]
Aluminum talc 37.45 Present Study
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Nomenclature

1/n — Freundlich constant
Ce — Concentration at equilibrium, mg/L
C0 — Concentration at initial, mg/L
Ct — Concentration at time t, mg/L
F — Fractional approach to the equilibrium
k1 — Pseudo-first-order rate constant, min–1

k2 —  Pseudo-second-order rate constant, 
g/mg min

kf — Film diffusion rate, min–1

kF — Freundlich capacity
kL — Langmuir constant, L/mg
km — Ash layer diffusion rate, min–1

kp — Particle diffusion rate, min–1

K — Equilibrium constant, L/g
R — Universal gas constant, J/mol K

qe — Equilibrium Capacity, mg/g
qm — Maximum Capacity, mg/g
qt — Capacity at time t, mg/g
t — Time, min
T — Temperature, K
ΔH — Enthalpy, J/mol
ΔG — Gibbs free energy change, J/mol
ΔS — Entropy change, J/mol
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