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a b s t r a c t

This study investigated phosphorus removal from aqueous solutions using carbonatisation

cake, which is a sugar residue containing a significant amount of reactive calcium car-

bonate. The chemical composition of the carbonatisation cake was determined, and the

organic contamination of the carbonatisation cake and calcine in contact with water was

determined. In addition, TGA, DTA, XRD, SEM-EDX, BET, FTIR, density, pHzpc and particle

size distribution were analyzed for carbonatisation cake, product and post-phosphate

removal calcined product. Batch experiments were performed to determine the effect of

dose, phosphorus concentration, temperature and contact time on phosphorus removal

from aqueous medium. Maximum phosphate adsorption capacity was found to be

65.16 mg g�1 at 25 �C, pH of 6 and adsorbent dosage of 1 g L�1 for a contact time of 180 min.

Adsorption experiments were applied to adsorption isotherms. Kinetic, thermodynamic

and mass transfer calculations were calculated. The results show that calcines produced

by heating the carbonated cake to 600 �C, which is not cost-effective in sugar production,

can be used effectively to remove phosphate from wastewaters.

© 2021 The Author. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Advances in technology not only provide a comfortable life

but also cause some important problems, one of which is

environmental pollution [1]. The aquatic environment is the

environment where most pollutants are transported, and the

risk of contamination is highest. The amount of domestic

wastes is increasing continuously due to increasing
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population [2,3]. Domestic wastes contain pollutants that

constitute a hazard to surface waters. The most important

part of this group of pollutants is phosphorus compounds.

Domestic waste waters contain significant amounts of phos-

phorus due to human wastes and household detergents.

Phosphorus has a special significance as it is the key element

of the phenomenon known as eutrophication, which is

defined as the enrichment of surface waters with nutrients

and thus algae. Here, the definition of the key elements is not
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Table 1 e Chemical composition of carbonatisation cake
used in experiments.

Component Compound (%)

CaO 49.8

MgO 3.56

K2O 0.11

Na2O 0.15

FeO 0.12

Analysis undetectable 2.46

Weight Loss (50e850 �C) 43.8

Table 2 e Some properties of carbonatisation cake.

Property Value

Bulk density (g cm�3) 0.961

True density (g cm�3) 1.837

BET surface area (m2 g�1) 47.6

Langmuir surface area (m2 g�1) 59.3
a Pore volume (cm3 g�1) 0.3961
b Pore size (�A) 156.38

Particle size [vol. weighted mean, (D [3,4]), mm] 15.75

Particle size [d (0.1), mm] 3.91

Particle size [d (0.5), mm] 12.75

Particle size [d (0.9), mm] 28.63

a Total pore volume of pores less than 1262 �A width.
b Adsorption average pore width (4 V/A by BET).
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random because 16 parts of nitrogen, 106 parts of carbon and

only 1 part of phosphorus are needed for the formation of

algae protoplasm [4e7]. Eutrophication caused by the release

of phosphorus into the water bodies can lead to significant

problems such as a decrease in the recreational value of sur-

face waters, extinction of fish species, difficulty in water

transportation and risk for human health. It is, therefore,

necessary to reduce phosphorus concentrations below the

permissible limits before industrial or domestic wastes are

discharged [8,9]. Water sources with a total phosphorus con-

centration of 0.02 mg L�1, 0.16 mg L�1, 0.65 mg L�1 and

>0.65 mg L�1 are defined as first-, second- third- and fourth-

quality waters, respectively. Some studies have reported

that lake waters contain about 0.14 mg L�1 of dissolved

phosphorus and about 0.40 mg L�1 of ortho phosphate phos-

phorus [3,8,9].

Phosphates can be removed from water using biological

and chemical processes or a combination of them. These

conventional techniques are, however, insufficient for a good

treatment. For example, biological treatment removes 20e40%

of phosphates. The elimination of activated sludge is also

another important problem in such processes. Chemical

treatments, on the other hand, require expensive chemicals

and cause chemicals to be passed to secondary pollutants

[8,9]. The insufficiency of conventional treatment methods

and economic reasons have led to continuous research on

phosphate treatment and somemodern treatment techniques

such as adsorption, reverse osmosis and electrodialysis have

been developed. Of these methods, adsorption is the most

effective and therefore has been intensively investigated.

Altundo�gan et al. [8] reported that an adsorption system with

activated alumina reduced the phosphorus content below

0.5 mg L�1 in the waste water in a wastewater treatment plant

in Berlin [8,9]. Iron, aluminumand lime have beenwidely used

as adsorbents for the removal of phosphates from waste-

water. The phosphate adsorption capacities of alumina,

aluminum hydroxide, iron (III) hydroxide, geotite and hema-

tite have been investigated in detail. The adsorption of phos-

phate with iron- and aluminum-based industrial wastes such

as red mud, pyrite ash, ferrochrome slag and thermal power

plant fly ash have also been investigated. Results have shown

that iron and aluminum-based adsorbents have high affinity

for phosphate [10e16]. Most adsorbents aremanufactured and

expensive, and therefore, their use for phosphate removal is

not cost-effective. However, adsorption capacities of these

residues are generally low and require chemically activating

processes [17e20].

Carbonatisation cakes containing calcium carbonate and

colloidal substances of organic origin composed of calcium

carbonate are formed at the end of the sherbet treatment

process. These residues with high organic matter pollution

load are treated in some sugar factories. Various methods

have been developed for the reclamation of lime, use in

cement production and regeneration of acidic soils for the

evaluation of these wastes [21e23]. Since carbonate cake

contains a large amount of calcium carbonate, it can be used

for phosphate adsorption. Carbonatisation cake is formed in a

very small particle size as a result of the reaction of dissolved

calcium hydroxide with carbon dioxide in carbonatisation,

and it may be an effective adsorbent due to its formation in a
relatively basic medium. However, carbonatisation cake and

colloidal organic substances from the beet itself can increase

the organic pollution of the water environment during sorp-

tion. In that situation, organic organisms can be heated at

temperatures not too high for pyrolysis to prevent carbonati-

sation cake formation and thus secondary pollution.

This study investigated whether Carbonatisation cake can

be used to remove phosphate ions from aqueousmedia. Batch

systematic experiments were performed to investigate the

obtained calcines, and the adsorption of phosphorus from the

samples containing hypothetical wastewater containing

phosphate was investigated.
2. Materials and methods

2.1. Materials

The first carbonatisation cake used in the experiments was

supplied from the Elazı�g Sugar Factory during the 2016

campaign period. The carbonatisation cake was removed

from the outlet of the rotary filter and dried on a nylon

tarpaulin in a room atmosphere. It was then milled and

sieved. The �200 mesh (<75 mm) fraction was stored in glass-

lid jars during the experiments after drying for 2 h in an oven

at 80 �C. Table 1 shows the chemical composition of the car-

bonatisation cake in terms of oxides.

2.2. Preparation of calcination product

Calcined products were prepared just before the experi-

ments. The 25 g carbonatisation cake with a �200 mesh size

https://doi.org/10.1016/j.jmrt.2021.01.054
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Table 3 e Weight losses determined during the
calcination of the carbonatisation cake used in the
experiments.

Calcination Temperature
(�C)

Weight Loss
(%)

COD (mg-O2/
L)

200 5.55 62.4

300 7.90 47.6

400 10.12 29.1

500 11.35 11.8

600 13.26 0.09

700 38.76 0.04

800 47.86 0.01
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was placed in 100 mL porcelain pots and calcined for 2 h in

an open oven (Protherm PLF 110/15). Calcination was per-

formed between 200 and 800 �C. The calcined cakes were

cooled in a desiccator and stored in glass cups with tightly

closed wells.

2.3. Adsorption experiment

Batch adsorption experiments were carried out in 250 mL

flasks with plastic lids. Phosphate-containing solutions were

prepared from NaH2PO4.2H2O (Sigma Aldrich) salt. The phos-

phate solutions with the required initial concentrations were

prepared by appropriate dilutions from stock solutions at

100 mg-P/1. Then, solutions with specific phosphorus con-

centrations were moved to flasks to measure their pH using a

Mettler Delta 3000 pH meter. Then, appropriate amounts of

calcined carbonatisation cake samples weighed ±0.001 g were

added to the solutions. The flasks were then tightly sealed and

placed in a fixed temperature orbital shaker (Zhecheng,

ZHWY-200D) and agitated at 400 rpm. At the end of the time

periods, some of the samples from the shaker were filtered

through the blue tape filter paper, and the final pH of the
Fig. 1 e X-ray diffractogram
mixtures was immediatelymeasured. Phosphorus contents of

the filtrates obtained after separation were determined. Then,

removal efficiencies and adsorption densities were calculated

using the following formulas.

% Phosphate Adsorption ¼ðCo � CsÞ � 100
Co

(1)

q ¼ ðCo � CsÞ � V
m

(2)

where C0 and C are the phosphate concentration (mg-P L�1) at

the beginning and end of contact at the solution, respectively;

q is the adsorption capacity (mg-P g�1) and m is the adsorbent

dose (g L�1).

The effect of pH on phosphate removal was determined by

shaking for 1440 min using 50 mg-P L�1 0.5 g L�1 -200 mesh

calcined carbonatisation cake at 25 �C. The effect of the

adsorbent dose on phosphate removal was investigated by

adding 0.1e10 g L�1 of 200mesh calcined carbonatisation cake

at 50 mg-P L�1, 25 �C and the original pH and by shaking for

1440 min. The effect of calcined carbonatisation cake on

phosphate removal time was examined at experiments at

different temperatures between 5 and 1440min using 0.5 g L�1

-200 mesh calcined carbonatisation cake at 50 mg-P L�1 con-

centrations at the original pH at 25, 40 and 55 �C. The effect of

the initial concentration was examined at 25, 40 and 55 �C,
original pH, different concentrations (10-50mg-P L�1), 0.5 g L�1

-200 mesh calcined carbonatisation cake dose for 240 min.

Experiments were carried out in two parallel samples.

When the results showed a maximum deviation of 5% from

each other, the calculations were made by taking the average

of the two parallel experiments. A third experiment was per-

formed in cases with more deviation, and the average of the

two experiments that were close to each otherwere taken into

account.
of carbonatisation cake.
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Fig. 2 e X-ray diffractogram of the product obtained by calcining the carbonatisation cake.

Table 4 e Comparison of XRD peaks with calcium
a
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2.4. Instrumentation and measurements

The characterization of the carbonatisation cake and calci-

nation product was performed using proximate and ultimate

analysis, elemental analysis (LECO CHNS 932 Elemental

Analyzer), X-ray diffraction (XRD, Rigaku D-max-2200), FT-IR

(PerkinElmer Spectrum 100), TGA-DTA (FEI Quanta 250 FEG)

and SEM-EDS (FEI Quanta 250 FEG), BET surface area (Micro-

meritics ASAP 2020), particle size distribution (MalvernMaster

Sizer 3000), pHzpc (Malvern Nanosize ZS-3600 zetasizer), COD

analysis in terms of ASTM D1252 - 06.

2.5. Elemental analysis

Ca, Mg, Na, K, Fe analyses were performed on the carbonati-

sation cake in a ICP-MS (PerkinElmer NexION-2000) device.

There are several methods proposed for the spectrophoto-

metric determination of ortho-phosphates. One of them is the

ascorbic acid method, which was used in this study. It was

originally developed by Altundo�gan et al. [9] and is considered

to be one of the standard ortho-phosphate determination

methods in AWWA, APHA, WPCF [24].

carbonate values in mindact.org .

d distance 2q angle calculated from
Bragg equationb

Intensity Comparison

3.86 22.75 10 √
3.04 29.16 100 √
2.85 30.63 17 √
2.50 34.80 18 √
2.29 39.17 18 √
2.10 41.15 10 √
1.93 44.59 11 √
1.91 47.03 38 √
1.88 48.71 12 √
a https://www.mindat.org/min-859.html.
b nl ¼ 2dSinq (Bragg equation)[n ¼ 1; l ¼ 1.5418 (Cu Ka)].
3. Results and discussion

3.1. Carbonatisation cake

Table 1 shows the chemical composition of the carbonatisa-

tion cake in terms of oxides. Some organic and inorganic acids

from the beetroot and soluble salt are not as high as calcium

salts during calcination, it can, therefore, be assumed that a

very large part of calcium is in the form of calcium carbonate.

Considering that cake is formed under the conditions of the

first carbonatisation and the pH ranges from 10.8 to 11.2, it can
be assumed that only a small portion of calcium is CaO. Table

2 shows the characteristics of the carbonatisation cake.

Table 3 shows the weight losses and COD values of the

calcines prepared by heating the carbonate cake for 3 h be-

tween 200 and 800 �C. Burning of organics in the carbonati-

sation cake and calcination of calcium carbonate and some

organic calcium salts lead to weight loss. It is noteworthy that

the calcine obtained at 200 �C is increasingly darker. The

calcine, which is dark black at 600 �C, becomes gradually light

color from 700 �C on and is calcined white at 800 �C. It was

determined that burning with restricted air in the oven

resulted in the carbonization of the organic matter in the cake

at low temperatures. Combustionwasmore efficient at higher

temperatures, resulting in the formation of calcium oxide,

which was light color [21].

The organic contamination of the carbonatisation cake and

its calcined products at various temperatures was determined

by contacting the water for 120 min at the doses where the

https://www.mindat.org/min-859.html
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Fig. 3 e IR spectra of carbonatisation cake.
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phosphorus removal tests were carried out. The results of the

chemical oxygen demand tests performed in the filtrate so-

lutions are given in Table 3. When the carbonatisation cake

was in contact withwater at a dose of 1 g L�1, the COD ofwater

was about 85.6 mg-O2 L
�1.

These results indicate that some organic substances in the

carbonatisation cake are released into thewater environment.

However, calcining the carbonatisation cake yielded a COD
Fig. 4 e IR spectra of the product obtained
value of 0.09 mg-O2 L�1 at 600 �C. The COD value decreased

about 950 times as the calcination temperature increased.

This shows that the organics released from the carbonatisa-

tion cake to thewater were degraded during the heating of the

cake.

The XRD and FTIR spectra of the carbonatisation cake and

its calcines are given in Figs. 1 and 2. The peaks in the X-ray

diffractogramwere compared with the characteristic peaks in
by calcining the carbonatisation cake.

https://doi.org/10.1016/j.jmrt.2021.01.054
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Fig. 5 e SEM image and EDX evaluation of carbonatisation

cake.

Fig. 6 e SEM image and EDX evaluation of calcined product.
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Table 4 of the calcium carbonate compound in the literature.

The peaks of the carbonatisation cake and calcined product

coincided with all the peaks of calcium carbonate. It was also

confirmed that the calcined product did not contain a crys-

talline component other than calcium carbonate. Moreover,

the increase in the XRD peaks of the calcined product

carbonized at elevated temperatures of organic substances

was present in the environment. As a result, the XRD graph of

the calcined product shows the formation of calcium car-

bonate almost pure [25,26].

In the IR spectrum of the carbonate cake and calcined

carbonatisation cake, 717; 871; 1427; The observation of peaks

observed in the 1789 and 2522 cm�1 wave numbers in the

literature with calcium carbonate indicates that the carbonate

cake and calcined product are composed of calcium carbon-

ate. There are significant structural changes after 600 �C. This
supports the results of thermal analysis and shows that cal-

cium oxide is formed above 600 �C. The peak (Fig. 3) around

3448 cm�1 waveform in the carbonatisation cake does not

appear calcined in Fig. 4. Since peaks obtained between 3300

and 3600 cm�1 generally belong to the hydroxyl group, the
result can be attributed to the removal of the crystal water,

especially in the carbonatisation cake. It may also be possible

to decompose organic substances with functional hydroxyl

groups in the carbonatisation cake. 1643 cm�1 wave count of

the carbonatisation cake observed in the number of peakswas

not observed in the calcined product, suggesting that this peak

belongs to organic groups [27,28]. This indicates that the or-

ganics burn off completely. COD analysis also shows that

calcine does not release organic matter to the aqueous me-

dium (Table 3).

Figs 5 and 6 show the carbonatisation cake and calcined

product in small particles from. The EDX analysis shows that

the structure contained calcium compounds and that the

calcined product increased by weight. The combustion of

organics in the carbonatisation cake can be interpreted as the

enrichment of inorganic compounds. The carbonate cake had

a particle size <30 mm. The fact that the carbonatisation cake

formed as a very small particle in a relatively basic environ-

ment suggests that it can be an effective adsorbent [29]

(Fig. 7).

https://doi.org/10.1016/j.jmrt.2021.01.054
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Fig. 7 e Particle size distribution of carbonatisation cake.
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The TGA-DTA analyses of both substances are given in

Figs. 8 and 9 to compare the structure of the carbonatisation

cake with that of the calcined product. The calcination of the

calcined product markedly increased at 690 �C. Fig. 9 shows

that the pure calcium carbonate in the literature was iden-

tical with TGA-DTA. This result suggests that the calcined

carbonatisation cake is pure calcium carbonate. The weight

reduction of the carbonating cake occurs at a certain speed

up to about 380 �C. About 12.5% weight reduction in this re-

gion is due to the removal of bound water and volatile or-

ganics. The weight reduction between 380 and 690 �C is very

low. It can, therefore, be stated that the remainder of the
Fig. 8 e TGA-DTA diagram o
organics was condensed and carbonated at the limit and that

calcium carbonate calcination started. The weight loss in this

region was about 5%. A rapid weight reduction of about 30%

between 700 and 900 �C is related to the calcination of cal-

cium carbonate. Therefore, the total weight reduction of

45.2% in the sample determined using thermal gravimetry is

in harmony with the 43.8% reduction in the calcined product

weights at 800 �C determined using chemical analysis (Tables

1 and 3) [30e32].

The results of the differential thermal analysis of the car-

bonatisation cake show that crystalline or capillary water is

removed between 140 and 200 �C. Since the nitrogen gas in the
f carbonatisation cake.

https://doi.org/10.1016/j.jmrt.2021.01.054
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Fig. 9 e TGA-DTA diagram of calcined product.
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device contains a little oxygen, the organic combustion is

predominant in the region until about 400 �C and the decar-

boxylation, decarbonylation and dehydrogenation events

occur at the same time. The expected calcination is observed
Fig. 10 e PHzpc diagram
at higher temperatures. The IR, TGA and DTA findings support

the weight loss and changes in color in the calcination of the

carbonatisation cake and comments of the calcines for the

COD values given to the water.
of calcined product.
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Fig. 11 e Distribution diagram for phosphate present as different protonated species as a function of pH.
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3.2. Adsorption mechanism

Oxides and silicates are generally utilized as adsorbents due to

low solubility and simplicity in adsorption. pH plays a critical

role in adsorption (Fig. 16) because it determines the nature

and content of orthophosphate and hydrolysis products on

calcined carbonatisation cake surface. In this case, the solu-

tion consists of calcined carbonatisation cake hydrolysis re-

actions, orthophosphate species and ionic species. These

reactions determine their electrokinetic and physicochemical

properties and behavior in solution [33].
Fig. 12 e XRD graph after phosphate adsor
Zeta-calcined carbonatisation cake measurements in

water indicate that the zero charge point of the mineral is

realized at pH 9.14 (Fig. 10). With the addition of 50 mg L�1

PO4
3�, the pH of the solution was 7.65. Species with ortho-

phosphate are chemically adsorbed to the calcined carbona-

tisation cake for pH values greater than 7.65. Electrostatic and

chemical interactions causes adsorption above pH 7.65. As a

result, the identification of orthophosphate species of the

solution and hydrolysis reactions at the surface of the

calcined carbonatisation cake should be considered to eluci-

date the adsorption mechanism [12,34e36].
ption of calcined carbonatisation cake.

https://doi.org/10.1016/j.jmrt.2021.01.054
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Fig. 13 e SEM image and EDX evaluation of the calcined carbonatisation cake after phosphate adsorption.
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The properties of orthophosphates are explained using the

following reactions with the pK perspectives at 25 �C [37,38],

PO4
3� þ H2O/ HPO4

2� þ OH� ;pK ¼ 1:68 (3)

HPO4
2� þ H2O / H2PO4

� þ OH� ; pK ¼ 6:79 (4)

H2PO4
� þ H2O / H3PO4 þ OH� ; pK ¼ 11:67 (5)
H2O / Hþ þ OH� ; pK ¼ 14:00 (6)

Fig. 11 shows the protonation reactions (3)e(6), suggesting

that the pH of H2PO4
� and HPO4

2� species ranges from 5 to 10.

The content of H2PO4
� is higher at pH < 7 whereas HPO4

2� are

valid at 7 < pH < 10. In Fig. 11, HPO4
2� is superior to PO4

3� spe-

cies. The content of PO4
3� is apparent and higher than that of

HPO4
2� at pH > 12.5 [39,40].

https://doi.org/10.1016/j.jmrt.2021.01.054
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Fig. 14 e FTIR graph after phosphate adsorption of calcined carbonatisation cake.
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pH is positively charged to the mineral surface at pH < 9.

The negative species dominate at pH > 9, however, the con-

tent of positive species is still noteworthy. Some hydrolysis

reactions for cationic and anionic species are given below:

CaCO3 / Ca2þ þ CO3
2� ; pK ¼ 3:25 (7)

CO3
2� þ H2O/ HCO3

� þ OH� ; pK ¼ 3:67 (8)
Fig. 15 e Nitrogen adsorption isotherm of the calcined

carbonatisation cake.
Ca2þ þ HCO3
� / CaHCO3

þ ; pK ¼ � 0:82 (9)

Ca2þ þ OH� /CaOHþ ; pK ¼ �1:40 (10)

Therefore, adsorption can possibly be explained using re-

actions (11) (12) and (13) on the surface of the calcined car-

bonatisation cake.

Ca2þ þ H2PO4
� / CaH2PO4

þ ;pK ¼ �1:08 (11)

Ca2þ þ HPO4
2� / CaHPO4 ; pK ¼ � 7:0 (12)

Ca2þ þ PO4
3� / CaPO4

� ; pK ¼ � 6:5 (13)

These results show that the specific adsorption of ortho-

phosphate species on the surface of the calcined carbonati-

sation cake is the driving mechanism of orthophosphate

intake from solution using calcium carbonate as the adsor-

bent, which corresponds to the findings of zeta-potential

measurements (Fig. 10). It is also confirmed by the results of

XRD and SEM-EDX analysis of the calcined carbonatisation

cake (Figs. 12 and 13), which clearly shows that phosphate

species are adsorbed on the surface of the calcined carbona-

tisation cake. The two major peaks of the calcined carbona-

tisation cake from the XRD graph are approximately 10 and 20,

2 theta angles of calcium hydrogen phosphate relative to the

pre-adsorption XRD graph (Fig. 12). In addition, EDX findings

clearly showed the presence of phosphorus. This mechanism
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Fig. 16 e Phosphate adsorption mechanism.
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tends to, to some extent, make the surface of the calcined

carbonatisation cake similar to that of apatite [39e41].

The post-adsorption composition is also confirmed by the

obtained IR spectra. Fig. 14 presents the typical IR-spectrum of

calcium carbonate-phosphate samples with the absorption

bands of the valence vibration of the absorption bands of the

525, 560, 600 cm�1 of PO4
3� group. The symmetrical vibrations

are the absorption bands of the deformation vibration of the

1400 cm�1 group of 865e870 and 960-980 cm�1 and the asym-

metric vibrations 1040e1050 and 1100 - 1130 cm�1. The ab-

sorption band 1630 - 1650 cm�1 refers to the deformation

vibrations of the water groups. The suction band 3150,

3480 cm�1, refers to the valence vibration of water and char-

acterizes the presence of crystallization water. There was no

difference between the IR-spectra of calcium carbonate-

phosphate specimens and CaHPO4.2H2O. It was found that

the suction bands of the brushite, PO4
3� 530, 575, 600 cm�1

group, the absorption bands of the symmetrical vibrations 790,

870 and 985 cm�1 and the asymmetric vibrations 1060 to 1135

and 1210 cm�1, as well as the 1645 cm�1 deformation vibration

in the ОН� group characterize the absorption bands [25].
Fig. 17 e Effect of initial pH on phosphate removal.
The BET surface area of the calcined carbonatisation cake

was 83.75 m2 g�1. Reversible Type II isotherm is the normal

isotherm form obtained with a low or macroporous adsorbent

surface area (Fig. 15) [42]. It is obvious that phosphate ions are

adsorbed to the pores as well as calcium hydrogen phosphate

is adsorbed on the surface. Phosphate removal mechanism is

given in Fig. 16 (Schematic representation of different stages

of phosphate mineralization directed to the surface. In step 1,

the phosphates before the adsorption are in equilibrium with

the ions in the solution. Phosphates approach a surface with

chemical functionality. In step 2, phosphate before adsorption

is collected near the surface of the calcined product in solu-

tion. In step 3, it causes more aggregation to the surface and

adsorption/precipitation).

Consequently, the removal of orthophosphates from

aqueous solution appears to be effective by adsorption of the

calcined carbonatisation cake, leading to a decrease and/or

eradication of environmental damage. No additional treat-

ment of the adsorbed phosphate product of the calcined car-

bonatisation cake is required, therefore, it can be utilized as

fertilizer for acidic soils as well.
Fig. 18 e The effect of calcined carbonatisation cake dose

on phosphate removal.
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Fig. 19 e Effect of contact time on the removal of

phosphate.
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3.3. Phosphate adsorption studies with calcined
carbonatation cake

The effects of pH, contact time, initial concentration, tem-

perature and calcined carbonatisation cake dose on the

removal of phosphates by the calcined carbonatisation cake

were investigated.

3.3.1. Initial pH
Fig. 17 shows the final pH values from the experiments per-

formed at different initial pHs. The final pH values range from

3 to 6 when the initial pH of the solutions is increased. Some

pH values decrease at basic pH. The final pH values are higher

than the initial ones. Table 1 shows that the calcined carbo-

natisation cake used is basic [12].

Therefore, the calcined carbonatisation cake removes the

acidity of the solution and brings it to the basic area. The final

pH of the 50 mg L�1 phosphate-containing solution prepared

without any acid is about 7.65. No acid-base addition was,

therefore, made in the next part of the study.
Fig. 20 e Effect of temperature on
3.3.2. Calcined carbonatisation cake dosage
The effect of the calcined carbonatisation cake dose on the

removal of phosphate from the solution at 50 mg L�1 is given

in Fig. 18, showing that the higher the calcined carbonatisa-

tion cake dose, the higher the phosphate removal rate. For

example, when the calcined carbonatisation cake was

0.1 g L�1, 1 g L�1 and 10 g L�1, the percentage of phosphate

removed was 18%, 97% and 99%, respectively. Therefore,

0.5 g L�1 calcined carbonatisation cake dose was used in the

following experiments [12,43].

3.3.3. Contact time and initial phosphate concentration (IPC)
Equilibrium time is an important factor in adsorption.

Adsorption slows down when contact time goes up because

there are fewer vacant active sites. This is associated with the

chemical features of the surface as well [44e46]. Fig. 19 pre-

sents the contact time-dependent changes in the adsorption

capacity (AC) (q) at 10 < initial concentrations < 50mg L�1. The

IPC, content of calcined carbonatisation cake and temperature

were, 0.5 g L�1 and 25 �C, respectively. Fig. 18 suggests that

more phosphate was adsorbed on the calcined carbonatisa-

tion cake when contact time was longer, achieving an equi-

librium faster at lower IPCs. Phosphates uptakewas fast in the

first hour. Afterwards, it continued slowly till an equilibrium

in 180 min, and then, was almost steady. When the IPC was

raised from 10 to 50 mg L�1, the equilibrium adsorption ca-

pacity went up from 19.96 to 59.08 mg g�1, suggesting that

initial concentration has a great effect on AC. On the other

hand, there was no increase in the AC with a further increase

in the IPC because of the active sites on the calcined carbo-

natisation cake.

3.3.4. Temperature
Experiments were performed at 25, 45 and 55 �C. The IPC,

calcined carbonatisation cake dosage and time were

50 mg L�1, 0.5 g L�1 and 1440 min, respectively. According to

the findings, the phosphate AC of the calcined carbonatisa-

tion cake went up from 59.08 to 91.57 mg g�1 with an increase
the removal of phosphate.
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Table 5 e Calculated model parameters and regression coefficients for pseudo-first-order, pseudo-second-order and
intraparticle diffusion models for various temperatures.

Kinetic models Parameters Temperature

25 �C 40 �C 55 �C

Pseudo

First

Order

Equation y ¼ �0.0228xþ4.042 y ¼ �0.0191xþ3.205 y ¼ �0.0254xþ3.7038

k1 (l min�1) 0.028 0.0191 0.0254

qcal (mg g�1) 36.81 54.61 70.51

R2 0.9443 0.9698 0.9795

X2 8.40 4.49 4.84

Pseudo

Second

Order

Equation y ¼ 0.0015xþ0.2297 y ¼ 0.0018xþ0.1905 y ¼ 0.0023xþ0.1171

k2 (g (mg.min)�1) 0.0015 0.0018 0.0023

qcal (mg/g) 60.04 73.19 91.92

R2 0.9915 0.9969 0.9956

X2 0.016 0.0037 0.0014

Intra

Particle

Diffusion

First Equation y ¼ 0.2219xþ20.55 y ¼ 0.2514xþ30.78 y ¼ 0.4757xþ45.72

kdif (mg (g.min0.5)�1) 0.2219 0.2514 0.4757

qcal (mg/g) 49.55 65.78 86.72

R2 0.9814s 0.9859 0.9865

X2 1.54 0.65 0.26

qexp (mg g¡1) 59.08 72.67 91.56
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in temperature from 298 to 328 K for a contact time of

240 min (Fig. 20). The increase in adsorption efficiency with

temperature indicated that adsorption was endothermic [47].

3.3.5. Adsorption kinetics
The kinetic behavior of the phosphate solution-calcined car-

bonatisation cake was identified using pseudo-first-order

(PFO), pseudo-second-order (PSO) and intraparticle diffusion

(ID) equations.

The first order adsorption rate expression based on the

solid phase concentration in the adsorption processes in

solideliquid phase systems was first demonstrated by

Lagergren. It is therefore also referred to as the Lagergren

equation [48]. Accordingly, for an adsorption process in solu-

tion, the equation is as follows:

ln
�
qe � q

� ¼ lnqe � k1t (14)

where qe (mg/g) shows the amount of the adsorbed substance
Fig. 21 e ln k vs. 1/T plot for phosphate adsorption on

calcine carbonatisation cake.
in equilibrium and q (mg g�1) shows the amount of adsorbed

substance at any t moment. k1 (l/min) is the first order

adsorption rate constant. Using the data obtained from

experimental data, the correlation coefficient of the linear

graph drawn between log (qe-q) values and t is close to 1, and

the conformity of the process to the first order speed expres-

sion is determined. The speed constant k1 is calculated from

the slope of the line.

t
q

¼ 1
k2q2

e

þ t
qe

(15)

The second order speed expression can be written as [49].

In this equation k2 (g/mg. Min) is the second order adsorption

rate constant. According to the data obtained from an

adsorption process, the correlation coefficient of the linear

graph drawn between 1/(qe-qt) and t is close to 1. The k2 value

can be found from the slope of the graph.

One of the mechanisms of adsorption is the diffusion

model [50].

q ¼ kit
1 =

2 þ I (16)

q: the concentration of adsorbed substance at time t (mg

g�1); k: diffusion rate constant [mg/(g dk1/2)]. By this equation,

the slope of the linear graph drawn between q and t1/2 gives ki,

and the slipping gives I.

Time data were used in the PFO, PSO and ID. Regression

analysis was performed to choose the most suitable one [51].

Table 5 shows the kinetic parameters, equations and regres-

sion coefficients for the PFO, PSO and ID. Experimental qe in

Table 5 are the values at the second point of the flat plateau

region in the evaluation graphs not given here. According to

Table 5, the PSO was the most suitable equation for the

experimental data.

After the experimental data are applied to the kinetic

models, the speed constant of the most suitable model is

considered to be the adsorption rate constant (kad). There are

activation energies for the respective model that establishes a

link between kad values and temperature for different
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Fig. 22 e Isotherm Plot for phosphate sorption by calcine carbonatisation cake (a, Non-linear; b, Langmuir; c, Freundlich; d,

Dubinin-Radushkevich (DR) isotherms).

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 1 ; 1 1 : 4 2 8e4 4 7442
concentrations at various temperatures. For this purpose, the

equilibrium of 17 is obtained by taking the logarithm of the

two lines, and the activation energy is obtained from the slope

of the line drawn between lnk and 1/T (Fig. 21).

kad ¼ A
�
e�EA=RT

�
(17)

where kad is the adsorption rate constant, A is the frequency

factor and Ea is the activation energy. For these parameters,

units may vary depending on the unit of the rate constant.

Activation energy can be calculated, for example kJ mol�1.

AE magnitude might give some idea about the physical or

chemical characteristics of adsorption. Physical adsorption

needs no great volume of AE for Van Der Waals forces, which

are not higher than 1 kcal mol�1 (4.18 kJ mol�1), are clear from

adsorption. On the other hand, chemical adsorption needs

stronger forces. It is chemical at 2<Ea < 20 kcal mol�1 (8.4 and

83.7 kJ mol�1) [52,53].
Table 6 e Calculated isotherm parameters for phosphate sorpt

Temperature oC Langmuir

b (l mg�1) qmax (mg g�1) R2 1/n Kf ((m

25 0.0323 65.16 0.9917 0.4715

40 0.0417 79.75 0.9952 0.4369

55 0.0506 96.14 0.9904 0.4148
The data were in conformity with the simple II order ki-

netic model. The temperature data for 10e50 mg L�1 phos-

phate initial concentrations were applied to this model. The

activation energy from the Arrhenius equation for

10e50 mg L�1 phosphate solutions was 11.54 kj mol�1.

3.3.6. Adsorption isotherms
The equilibriumdata are applied to different types of isotherm

which can be converted into linear form to elicit useful in-

formation. Adsorption data are often assessed based on the

Freundlich, Langmuir and D-R adsorption isotherms.

In a nonlinear adsorption graph of L-type isotherm, satu-

ration is attained at high adsorbate concentrations, that is, qe
attains monolayer saturation [50] suggesting that Langmuir

equation is suitable for measuring parameters [54].

Langmuir isotherm is better than the other isotherms at

determining whether the retention in active adsorption areas

on solid surfaces is physical or chemical. In Langmuir
ion by calcine carbonatisation cake.

Freundlich D-R

g g�1) (l mg)�1/n) R2 qmax (mg g�1) E (kJ mol�1) R2

15.261 0.9613 80.74 6.79 0.9799

19.961 0.9449 99.42 7.25 0.9665

24.939 0.9529 125.14 7.87 0.9789
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Fig. 23 e ln b vs. 1/T plot for phosphate adsorption on

calcine carbonatisation cake.
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isotherm, adsorption increases linearly with the initial con-

centration of the adsorbate. At highest saturation, the surface

is covered with one layer and the content of the adsorbate

adsorbed to the surface remains constant [55].

Ce

qe
¼ 1

b:qm
þ Ce

qm
(18)

where qmax is the maximum AC (mg g�1); b is a constant

associated with the adsorption energy, (L mg�1). When q/qe

versus Ce is plotted, qmax and b values can be calculated from

the slope and offset of the line obtained.

According to Freundlich, suitable sites for adsorption on an

adsorbent surface are heterogeneous containing adsorption

sites of different types. The Freundlich isotherm indicates that

the amount of adsorbent adsorbed in a given amount rapidly

increaseswith increasing concentration initially but increases

slowly when the solid surface is saturated. Freundlich

isotherm [56];

lnqe ¼ 1
m

lnCe þ lnKf (19)

qe is the adsorbed substance amount (mg); m is the amount of

adsorbent (g) and Ce is the equilibrium concentration (mg L�1)

of the adsorbent in solution. Kf (mg g�1) is the Freundlich

constant, which is a measure of AC. The other Freundlich

constant n is dimensionless.

The equilibrium data used in the DR equation [57],

lnqe ¼ lnqm � bε2 (20)

where qm is the highest adsorbate concentration adsorbed
Table 7 e Thermodynamic parameters for phosphate
sorption by calcine carbonatisation cake.

Temperature oC DH (kj mol�1) DG (kj mol�1) DS (kj mol�1)

25 12.18 �8.505 0.0123

40 �8.268

55 �8.137
onto the unit weight of the adsorbent (mg g�1), b is the con-

stant associatedwith adsorption energy (mol2 kJ�2) and ε is the

Polanyi potential, that is equal to RT ln(1 þ 1Ce
�1). The plot of

lnq vs. ε2 points to a linear relation. The slopes of the DR plots

give b constant, and qm is calculated using the intercept of the

plot [57].

A nonlinear isotherm graph was obtained using this data

(Fig. 22), suggesting that the system reached saturation, indi-

cating that the isotherm is an L type isotherm [51]. Accord-

ingly, Freundlich, Langmuir and D-R isotherm applications of

10e50mg L�1 phosphate starting concentrations and 1440min

of equilibration time are given in Fig. 22. In addition,

some constants calculated using the isotherms are given in

Table 6.

The results of the Freundlich, Langmuir and D-R isotherms

indicate that the Langmuir isotherm is more suitable for this

system. The calculations (Langmuir constant qmax) showed

that the phosphate sorption capacity in the working condi-

tions of calcined carbonatisation cake was

65.16e96.14 mg g�1.

E (sorption energy) from the D-R isotherm is between 6.79

and 7.78 kJmol �1 for 25, 40 and 55 �C. The sorption energywas

between 0 and 8 kJ mol�1, indicating that the process has

adsorption characteristics. In this study, adsorption is

dominant.

Thermodynamic parameters can also be calculated using

the Langmuir constant. The thermodynamic parameters of

adsorption such as free energy (DGº), enthalpy (DHº) and en-

tropy (DSº) change can be calculated as described below and

with the following equations. The energy parameter of

adsorption, b, has the following relation with the adsorption

enthalpy [51,58].

lnb ¼ lnb0 � DH
�

RT
(21)

According to this equation, the lnb values are plotted ac-

cording to the 1/T values, and the adsorption enthalpy change

can be found from the slope of the line obtained.

ln

�
1
b

�
¼ DG

�

RT
(22)

DGº is the free energy change (kJ mol�1), T is the absolute

temperature (K) and R is the universal gas constant

(8.314 J mol�1K�1). b can also be expressed in the following

equation, including the terms DHº (kJ mol�1) and DSº (kJ

mol�1K�1), as a function of T.

DG
� ¼ DH

� � TDS
�

(23)

DHº and DSº can be measured using the slope and offset of

the straight line in the linear graph to be drawn between lnb

and 1/T (Fig. 23).

The thermodynamic parameters calculated using Eqs

(21)e(23) according to the b values calculated from Langmuir

isotherm are shown in Table 7. According to these values, the

enthalpy value is positive (DH ¼ 12.18 kj mol�1). The depletion

of the calcined carbonatisation cake from aqueous solutions

shows that it is endothermic. The negative change in free

energy (DG ¼ �8.505 kj mol�1) indicates that sorption is

spontaneous. Positive entropy change in small values
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Fig. 24 e Graphs of t-ln [C/C0- (1/1 þ mKL)] obtained at

different temperatures for adsorption of the phosphate

with calcined carbonatisation cake.

Table 9 e Adsorption capacities of some materials
reported in literature.

Adsorbent Adsorption capacity mg
g�1(qm, mg/g)s

Reference

FeeMneZn Oxide

nanocomposite

149.25 [4]

Nanostructured

trimetal oxide

48.30 [62]

Bentonite 46.95 [63]

Mg/Al layered double

hydroxide

81.83 [64]

FeeZr binary oxide 102.3 [65]

Alunite 118.0 [66]

Biochar/AlOOH 135.0 [67]

Fine dolomite 377.8 [68]

Calcine

carbonatisation

cake.

59.05 This study
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(DS ¼ 0.0123 kj mol�1) may be caused by an increase in irreg-

ularity in the sorbent interface and changes in the surface of

the adsorbent during sorption.

3.3.7. Mass transfer calculations for phosphate adsorption
with calcined carbonatisation cake
Gordon et al. [59] proposed that the general mass transfer

obtained by some assumptions for adsorption is as in equality

24:

ln

�
C
C0

� 1
1þm:KL

�
¼ ln

�
m:KL

1 þ m:KL

�
�

�
1 þ m:KL

m:KL
bLsst

�

(24)

where C0 and C are the phosphate concentration (mg-P L�1) at

the beginning and end of contact at the solution, respectively,

bL is the surface transfer coefficient (cm min�1), Ss is the vol-

ume based specific surface (cm�1), KL shows the Langmuir

constant (cm3 g�1), and m shows the amount of adsorbent (g

cm�3) used per unit volume of solution. The ss and m values

can be calculated using Eqs (11) and (12), respectively. Lang-

muir constant KL is found bymultiplying b and Qo parameters.

m ¼ W=V (25)

ss ¼ 6m
dprð1 � εÞ (26)

where W is the amount of adsorbent (g), V is the solution
Table 8 e Calculated mass transfer and por diffusion
coefficients for the adsorption of phosphatewith calcined
carbonatisation cake.

Temperature oC bL � 104 (cm min�1) D � 109 (cm min�1)

25 2.745 1.223

40 3.014 1.752

55 3.469 1.186
volume (cm3), dp is the mean particle diameter (cm) and ε is

the porosity of the adsorbent. ln [C/C0- (1/1þmKL)] against the

values of t is measured from the slope of the line obtained by

plotting.

The graph drawn to determine mass transfer coefficients

at different temperatures for phosphate adsorption with

calcined carbonatisation cake is shown in Fig. 24. It show that

the initial distinct linearity is disrupted for a period of time.

This is probably due to the fact that the mechanism of

adsorption is initially differentiated, although the film diffu-

sion is initially effective.

Boyd et al. [60] stated that diffusion coefficient can be

calculated using the following equation:

t1=2 ¼ 0:03
r0
D

(27)

where r0 is the radius of the adsorbent particle (cm) and the D

is the por diffusion coefficient (cm2 min�1). Equation t1/2 is the

half-life of the adsorption reaction. In this study, the diffusion

coefficient was calculated using the following equation:

t1=2 ¼ 0:693
ka

(28)

The mass transfer coefficients and por diffusion co-

efficients calculated for phosphate adsorption at different

temperatures with calcined carbonatisation cake are given in

Table 8.

The mass transfer coefficient increases with an increase in

temperature. This is another indicator of phosphate adsorp-

tion with calcined carbonatisation cake. The por diffusion

coefficient shows an irregular change in temperature. In this

case, adsorption can be considered an indicator that diffusion

control is not realized. Calculation of mass transfer and

diffusion coefficients with the calcined carbonatisation cake

for phosphate adsorption is supported by the change in tem-

perature, kinetic and thermodynamic findings [61].

Numerous studies used adsorbents to remove phosphate

and obtained operating parameters related to both kinetics

and equilibrium. Table 9 (as Langmuir constant, qm) shows

that adsorption capacities in adsorption studies. The calcine

carbonate cake used to remove phosphate had more AC than
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most meaterials in Table 9. It shows that calcine carbonate

cake can be used for phosphate removal from aqueous

solutions.
4. Conclusion

A small granular cake was used to remove phosphate from

aqueous solutions. The cake was the product of the filtration

of carbonatisation sludge, which is a residue of the production

of sugar from sugar beet. The cake contained 80e85% calcium

carbonate on dry basis and the rest was organic material,

which was degraded by burning at 600 �C in an oven. The COD

analysis showed that the organic matter was completely

removed by burning and that it caused no damage to the

environment. The calcium carbonate content after calcination

was 98.5%. According to the results of physicochemical tests,

the specific surface area, porosity, mean particle size, pore

diameter, apparent density, actual density and pHzpc were

83.75 m2 g�1, 0.3074 cm3, 15.33 mm and 142.38 �A, 1.058 and

1.984 g cm�3 and 9.14. The equilibrium data obtained at

different temperatures were applied to different isotherms.

The results showed that the data were compatible with the

Langmuir isotherm. The positive value of the adsorption

enthalpy showed that adsorption had a significant chemical

character. The activation energy for the absorption of the

phosphatewith the calcined carbonatisation cakewas 11.54 kj

mol�1. The mass transfer coefficient and por diffusion coeffi-

cient calculated for this process were bL ¼ 2.745 � 104 and

D¼ 1.223� 109 cmmin�1, respectively. It was determined that

calcined carbonatisation cake is not only a phosphate treat-

ment but a general treatment material. Since it is a reusable

material and can substitute lime, it provides effective resource

utilization. The phosphate adsorbed product of the calcined

carbonatisation cake can also be used as fertilizer in the

treatment of acidic soils.
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