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Abstract 25 

 26 

Concrete slurry is an abundant, cheap, and commonly found waste all over the 27 

world where construction activities take place; concrete slurry which is rich in calcium 28 

and metallic oxides could be successfully employed in the phosphate (P) removal from 29 

aqoueos media. In this research, the effect of the carbonation process over 30 

physicochemical properties and in the adsorption of phosphate on the concrete slurry 31 

powder was investigated.  32 

The results showed that non-carbonated sample was more effective in the P 33 

removal due to higher releasing of Ca2+ in comparison to carbonated sample. The 34 

dissolved Ca2+ from the dissolution of Ca(OH)2, CaCO3, and CaO are preferably 35 

precipitated by phosphates in high pH solution, reflecting in a high initial adsorption rates.  36 

General order kinetic and Liu isotherm provided the better fitting models for the 37 

adsorption behavior of P onto both non-carbonated and carbonated concrete samples. 38 

Phosphate removal was mainly ruled by chemical adsorption through inner-sphere 39 

complexation and P precipitation on the surface of the adsorbent containing Ca2+ as an 40 

essential element in the adsorption mechanism. Compared with other phosphate 41 

adsorbents, both non-carbonated and carbonated concrete may be an economical and 42 

efficient adsorbent. 43 

The non-carbonated sample gave a high adsorption capacity of P (47.6 mg g-1) 44 

and presenting fast and high initial adsorption, reaching 72% of P removal within 5 45 

minutes (min) at 22°C, while carbonated showed adsorption capacity of 30.6 mg g-1, at 46 

the same experimental conditions. Therefore, concrete slurries can be used widely as 47 

an inexpensive phosphate-recovery adsorbent.  48 

Besides, the application of these loaded P waste, as potential fertilizers in soil 49 

can be an exciting and environmentally approach for reusing this solid-waste. The 50 

environmental analysis highlighted that the adsorbents did not leach out chemicals 51 

above the allowable limits preconized by FAO for irrigation waters. However, aspects 52 
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related to monitoring the presence and mobility of heavy metals on soil must be better 53 

addressed and monitored. 54 

 55 

Keywords: Recycling slurry concrete; concrete-waste adsorbent; phosphate adsorption; 56 

potential fertilizer. 57 

 58 

1. Introduction 59 

 60 

Concrete is the most used popular material throughout the construction industry 61 

due to the several matters such as availability, accessibility, durability, and economic 62 

issues associated with its production and use (WBCSD 2019). However, with the rapid 63 

development of the industry of concrete fabrication all over the world, large quantities of 64 

by-products are produced (WBCSD 2019). The annual global concrete consumption 65 

reaches 25 billion tonnes. This production generates a large number of leftovers of fine 66 

powder slurry of concrete (Aynur and Ulubeyli, 2016). The leftovers are generated from 67 

Internal washing of the balloon of the concrete mixer truck and the washing process of 68 

the yard where the concrete blocks are placed. 69 

Although it is difficult to determine precisely the waste volume generated, it is 70 

estimated that every day a concrete batching plant can generate about 0.4-0.5% of new 71 

concrete waste in the relation of its total production (Aynur and Ulubeyli, 2016). 72 

Therefore, it is imperative to explore the potential recycling of this type of fresh concrete, 73 

which the recovery and reuse of both fine aggregates and water can bring several 74 

benefits to the economic and environmental point of views (Aynur and Ulubeyli, 2016). 75 

Over past few years, many types of reuse for slurry concrete have been 76 

proposed, such as concrete production itself (Bravo et al., 2018), mortar and ceramic 77 

materials (Cardoso et al., 2016), geopolymers synthesis (Vásquez et al., 2016), and 78 

others. However, there is also a high potential for using concrete slurries for 79 

environmental applications as eco-friendly materials. For instance, the concrete slurries 80 
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can be used as adsorbents for uptake pollutants in aqueous media by adsorption (Wang 81 

et al., 2014).  82 

Adsorption is a widespread operation unit in which a specie named as adsorbate 83 

bound at the surface of the adsorbent. This process is a low-cost and effective technique 84 

for the removal of pollutants in aqueous media (dos Reis et al., 2016). An essential 85 

advantage of the adsorption process is that the adsorbents can be regenerated and 86 

reused many times, which makes the process even cheaper compared to others. 87 

Sasaki et al., (2014) studied the removal of arsenate in aqueous solution, using 88 

concrete waste as adsorbents. The results showed high adsorption capacity and the 89 

primary adsorption mechanism was ion exchange between arsenic molecules and ions 90 

at the surface and matrix of concrete-waste adsorbents, in which ettringite 91 

(Ca6Al2(SO4)3(OH)12.26H2O) was at a higher amount. Littler et al., (2013) studied the 92 

adsorption properties of cement/concrete matrix in the removal of phosphate in aqueous 93 

solution. The results obtained appointed that during the adsorption process, 94 

cement/concrete matrix released Ca2+ in solution, which attracts and bind phosphate 95 

species, resulting in the precipitation reaction in the form of calcium phosphate solids. 96 

The same phenomenon was observed and related by Park et al., (2008). 97 

Therefore, herein, it is proposed to evaluate the carbonation of slurry concrete 98 

and its influence on the slurry microstructure properties and how the carbonation process 99 

affects the adsorption of phosphate compounds in aqueous media.  100 

Carbonation is a physical-chemical neutralization process as a result of the 101 

absorption of atmospheric CO2 in the concrete pores, which reacts with calcium 102 

hydroxide (Ca(OH)2) and other hydrated compounds of cement matrix to form calcite 103 

(CaCO3) (Abass and Olajire 2013). Carbonation process can promote important 104 

changings on concrete surface microstructures, which can reflect in the adsorption 105 

properties. 106 

The phosphates will be employed as adsorbate in this research. Indeed, 107 

phosphates are a vital nutrient that is essential for life. It is a crucial component added in 108 
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fertilizers for food production and has no substitute. Therefore, recovering phosphates 109 

from wastewaters are imperative (Sun et al., 2018). Phosphates in surface waters even 110 

at small concentrations can lead to the eutrophication, which poses a considerable risk 111 

to the ecosystem, resulting in environmental as well as economic damage (Sun et al., 112 

2018). The presence of phosphates in natural waters comes from diffuse sources such 113 

as agricultural run-offs and municipal wastewater treatment plants (Ma et al., 2018). 114 

Hence there is a need for a method that can effectively dimish the phosphates to lower 115 

concentration or eliminate their presence in wastewaters before they are released in the 116 

environment. 117 

Therefore, the overarching purpose of this study is to investigate the effect of 118 

progressive carbonation on microstructural and surface properties of the concrete slurry 119 

waste. Then, the presence of functional groups at the microstructure and pore structures 120 

of slurry before and after carbonation is also investigated. Lastly, the potential in the 121 

removal or recovery phosphates from aqueous solutions is tested. 122 

 123 

2. Materials and methods 124 

 125 

2.1. Raw material 126 

 127 

The slurry concrete is generated from the washing of concrete mixer trucks and 128 

it is separated from wastewater as suspended solids at the ready-mixed concrete plants. 129 

The wet sample was collected from wastewater obtained during the washing of the 130 

concrete mixer truck ballons immediately after being discharged into the sedimentation 131 

tanks. Two buckets of fresh slurry concrete generated were collected (each one was 132 

about 30 kg of fresh slurry concrete). 133 

A few hours later, the slurry of concrete became hardened, due to the hydration 134 

of residual cement. The dry material was then comminuted by a concrete mixer. After 135 
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homogenization and quartering processes, eight samples of about 100.0 g (passing the 136 

1-mm sieve aperture) were obtained and named according to their ages as follows: 0, 7, 137 

14, 21, 28, 35, 42, 49 and 56 days. 138 

All the reagents were analytical grade and used as received without any further 139 

purification. Potassium phosphate dibasic (K2HPO4) was purchased from Sigma-Aldrich 140 

(DE). Deionized water was used for the preparation of the solutions, and ethanol was 141 

procured from Beijing Chemical Reagents Company (China). 142 

 143 

2.2. Accelerated carbonation process  144 

 145 

The dried slurry powder concrete (particle size < 1.00 mm) was placed onto 146 

plastic disks and introduced in a carbonation chamber under the following conditions: 147 

temperature of 23°C, CO2 content of 5% and relative humidity of 65%. A total of eight 148 

samples were conditioned for 8 weeks (56 days), and the effect of carbonation was 149 

evaluated according to their ages, as shown in Fig. 1.  150 

 151 

 152 

Fig.1 Samples of slurry concrete numbered according to their ages. 153 

 154 

2.3. Slurry concrete characterization 155 
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The textural characterisation was carried out using N2 adsorption-desorption 156 

isotherms at liquid N2, using a Tristar II Kr 3020 Micromeritics equipment. Prior analyses, 157 

the samples were degassed at 120 °C under vacuum. The specific surface area was 158 

determined by BET (Brunauer, Emmett and Teller) method (Umpierres et al., 2018). 159 

The morphologies and majority elements of the concrete samples were observed 160 

with a scanning electron microscope (SEM) equipped with energy-dispersive X-ray 161 

spectroscopy (EDS) (TESCAN 3, Sweden) (Wamba et al., 2017). 162 

 The functional groups of the concrete slurry were determined using a Fourier 163 

Transform Infrared Spectroscopy (FTIR) with the ATR (Attenuated Total Reflectance) 164 

accessory, Bruker Spectrometer, alpha model (Thue et al., 2017). 165 

Differential thermogravimetric (DTG) analysis was made by using a TA 166 

Instruments model SDT Q600 (New Castle, USA) with a heating rate of 10°C·min-1 at 167 

100 mL·min-1 of the synthetic flow of air. The temperature was varied from 20° up to 168 

1000°C (Wamba et al., 2017). 169 

 170 

2.4. Adsorption tests 171 

 172 

Several aliquots of 20.00 mL of phosphate solutions with diffrent initial 173 

concentrations ranging from 20.00 to 950.0 mg L-1 and at initial pH ranging from 2.0 to 174 

12.0 were added into 50.0 mL Falcon tubes containing 0.03 – 0.5g (gram) of concrete-175 

waste adsorbents. The flasks were capped and placed horizontally in a shaker, and the 176 

system was agitated between 5 min to 4 hours (h) (Leite et al., 2017). Afterward, the 177 

adsorbents were separated from the aqueous solutions by centrifugation using a Fanem 178 

centrifuge. Then the aliquots of 1–5 ml of the supernatant were properly diluted into 10.0–179 

100.0 ml with a suitable blank solution (Leite et al., 2017).    180 

 The initial, as well as the residual phosphates concentrations, were quantified 181 

after adsorption experiments by using ICP-OES technique with Agilent 715 equipment. 182 

The content of phosphates adsorbed by the concrete-waste adsorbents and the 183 
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percentage of phosphates removed was calculated using Eq. 1, also, Eq. 2, respectively 184 

(Kasperiski et al., 2018): 185 

o f(C -C )
q= .V

m
 

(1) 

o f

o

(C -C )
%Removal=100.

C
 

(2) 

q is the quantity of P ions removed by the concrete absorbents in mg g-1 , Co is the initial 186 

P initial concentration in the solution in mg L-1 , Cf is the P concentration after the batch 187 

adsorption experiment in mg L-1 , m is the mass of concrete adsorbents in g and V is 188 

the volume of P solutions in contact with the concrete adsorbents in L. 189 

 190 

2.4.1 Analytical control of the measurements and statistical evaluation 191 

See Supplementary Material and references (Leite et al., 2017: Kasperiski et al., 192 

2018). 193 

 194 

2.4.2. Kinetic of adsorption 195 

 196 

See Supplementary Material (Lima et al., 2015).  197 

 198 

2.4.3 Equilibrium of adsorption 199 

 200 

See Supplementary Material (Lima et al., 2015). 201 

 202 

3. Results and discussion 203 

 204 

3.1. The particle size distribution of the natural concrete used in the 205 

carbonation experiments 206 

 207 
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Fig. 2 shows the particle-size distribution (PSD) of the fine fraction (Ø < 1.00 mm) 208 

used for carbonation experiments. It is possible to see that the particle-size distribution 209 

analysis of the slurry concrete showed fine and continuous material containing 90% of 210 

particles lower than 56 µm (D90) (See Fig. 2). Also, the slurry powder concrete presented 211 

D50 value (which is the particle size in which 50% of the total mass has passed through 212 

the sieve of Ø < 1.00 mm) of 12.77 µm, and 10% of the material has a size of 2.37 µm. 213 

Smaller particles might have an influence on the carbonation process and even on the 214 

kinetic of adsorption and sorption capacity. This is because smaller particles have more 215 

surface area available to get in contact with the CO2 (in the carbonation process) and 216 

also with the phosphate species during the adsorption experiments. Therefore, lower 217 

particles sizes can improve the adsorptive properties. 218 

 219 

 220 

Fig. 2 - Grading curve of the concrete used for carbonation experiments. 221 

 222 

3.2. Specific surface area and porosity 223 

 224 

The values of the specific surface areas of slurries concrete samples before and 225 

after carbonation are presented in Table 1, that were obtained by nitrogen adsorption-226 
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desorption isotherms. In general, the specific areas increased as the carbonation time 227 

also increased. These results justify that the crystallization of calcite minerals creates 228 

new porous surfaces during the carbonation process. In fact, during the carbonation 229 

process, the microstructure of concrete solid expands as the Ca2+ ions in the interlayer 230 

space progressively decreases due to the reaction between calcium ion and CO2.  This 231 

phenomenon will be further explained in section 3.3. 232 

 233 

Insert table 1 234 

 235 

Fig. 3 and Table 1 present the distributions of the pore sizes of the slurry samples, 236 

at different days of carbonation. The results show significant differences in the pore size 237 

diameter in two regions; around 10 nm and 90.0 nm. For the non-carbonated slurry (at 238 

zero-day) the incremental porosity was higher in the region around 90 – 100 nm. 239 

However, for the carbonated samples, the incremental porosity was higher in the region 240 

of 10 nm. Looking at Fig. 3A, it seems that as long as the carbonation is progressing the 241 

size of pores became smaller. This statement is strengthening by Fig. 3B, which shows 242 

that the cumulative porosity gradually reduced as carbonation progressed (Taylor 1978). 243 

These changes can have a decisive influence on the adsorption properties of both non-244 

carbonated and carbonated samples. 245 
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 246 

Fig. 3. The pore size distribution of carbonated concrete slurry 247 

 248 

3.3. Surface features of the adsorbent samples 249 

 250 

The surface morphology of the carbonated samples revealed by SEM might 251 

reinforce what was discussed in section 3.2. The SEM images are shown in the Fig.4. It 252 

shows that the surface of the carbonated slurry sample at the 7 days presented a smooth 253 

surface where no porosity can be observed. However, as long the carbonation is 254 

progressing the surfaces of the carbonated samples get more irregular and rougher (see 255 

Fig. 4), which may increase the porosity. This should be attributed to the formation and 256 

precipitation of the CaCO3 (see red arrow in Fig.5) on the particle surface of slurry 257 

concrete due to the carbonation of the hydration products. As can be seen at 56 days of 258 

carbonation under given conditions, the surface of slurry concrete is almost totally 259 

covered by CaCO3. 260 
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 261 

Fig. 4.  Typical SEM images of the slurry samples at different ages of 0, 7, 28, 262 

and 56 days of the carbonation process. 263 

 264 

Fourier transformation infrared spectroscopy (FTIR) can detect the presence of 265 

C–O in the concrete slurry to determine the presence of carbonate (CaCO3). The 266 

spectrum of each slurry sample was determined by ATR, which allow determining the 267 

effect of the carbonation through the different ages. The FTIR spectra of non-carbonated 268 

and carbonated slurry concrete are shown in Fig. 5. As can be seen, all samples 269 

presented similar spectrums, and the main difference is in the intensity of the bands. It 270 

is possible to see in Fig. 5 that the bands get more intensive as the carbonation time 271 

increased, which might indicate that more carbonate is being formed. The major bands 272 

are listed as sulfate band in 1006 cm-1 (Wamba et al., 2017), anhydrous calcium silicates 273 

bands in 514 cm-1 while carbonate phases were in 1409, 871 and 774 cm-1 (Wamba et 274 

al., 2017). 275 

 276 
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 277 

Fig. 5.  FTIR spectrums of the carbonated slurry concrete samples. 278 

 279 

 280 

The colorimetric test with phenolphthalein carried out for the sample at the 56 281 

days of carbonation time, showed that the applied time process was enough to reach 282 

almost at the total carbonation of the concrete slurry was as it can be seen in 283 

supplementary Fig. 1. From the first days (natural concrete slurry) up to 28 days, the 284 

purple color shows that the carbonation process did take place under such selected 285 

conditions in this work. However, after 35 days (see supplementary Fig. 1) the 286 

carbonation seems to evolve until its process gets completed at 56 days. These 287 

observations can be better verified by using TGA-DTG and DRX analysis, what is shown 288 

in Section 3.4 (see Fig. 6). 289 

 290 

3.4. Derivative thermogravimetric of the concrete samples 291 

 292 

Derivative thermogravimetric (DTG) analysis has been used as a tool to study the 293 

carbonation reaction in concrete material. As we can see in Fig. 6, the first broad peaks 294 

between 74° and 106°C for both carbonated samples (28 and 56 days), and non-295 

carbonated sample (0 days) referred to the moisture releases from samples. The second 296 

mass loss peak around 455°C correspond to calcium hydroxide dehydration, and it is 297 
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typical for the three samples (Tracz and Zdeb, 2019). However, for the non-carbonated 298 

sample, the peak was more intense, due to the higher content of Ca(OH)2. The Ca(OH)2 299 

dehydration chemical reaction takes place, as shown in the following equation (Tracz 300 

and Zdeb, 2019): 301 

 302 

Ca(OH)2 → CaO+H2O    (3) 303 

 304 

Finally, the peak at 710°C corresponds to the decomposition of the carbonates, 305 

where we can notice more intensive peaks in carbonated samples. A higher amount of 306 

CaCO3 is expected in carbonated samples compared to the natural slurry concrete. 307 

Equation (4) shows the portlandite carbonation reaction, while equation (5) shows the 308 

de-carbonation equation (Tracz and Zdeb, 2019). 309 

Ca(OH)2 + CO2→ CaCO3+H2O (carbonation)  (4) 310 

CaCO3 → CaO+ CO2 (de-carbonation)            (5) 311 

 312 

Fig. 6 - DTG curves for 0, 28 and 56 days of carbonation 313 

 314 

3.5 Adsorption studies 315 

 316 

3.5.1 Effect of Adsorbent Mass 317 
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 318 

The adsorbent dosage in the adsorption step is a crucial factor in making the 319 

adsorption process applicable in real industrial scale.  320 

Fig. 7 describes the effect of mass concrete adsorbent (ranging from 0.0300 to 321 

0.5000 g) on P removal using non-carbonated concrete. For the adsorption tests, a fixed 322 

volume of 20.0 mL of P solution at an initial concentration of 240.0 mg L−1 was used. Fig. 323 

7 shows that the P sorption percentage increases, from 40 to 100%, as the adsorbent 324 

dosage increases, from 0.0300 to 0.1500 g, respectively. Adsorbent masses beyond 325 

0.1500 g keep the percentage removal constant while the amounts of adsorbed P per 326 

unit weight (qe) of the concrete-waste adsorbent decreased when increasing the mass 327 

of solid/volume of solution ratio (see Fig. 7). 328 

The rapid increase of the P adsorption as the adsorbent dosage increases 329 

indicates the accessibility of a more significant number of sorption sites at a higher 330 

dosage to adsorb P ions (see Fig. 7). This result suggests that high numbers of free 331 

adsorption sites were available during the first stage of the process and then, as time 332 

passes, the free remaining sites were less and became more difficult to be occupied due 333 

to repulsive forces between the adsorbate and adsorbent particles (Choi et al., 2016).  334 

The most effective adsorption result for phosphate was attained at 0.1000 g with 335 

84.3% of P removal meaning a “qe” of 41.3 mg·g−1 while 0.1500 g reached almost 99.2% 336 

but with a “qe” of 32.6 mg·g−1 (see Fig. 7). The choice of the mass of 0.1000 g to be 337 

considered the most efficacious lies in the fact that 0.1500 g is 50% higher, compared to 338 

0.1000 g, and achieves adsorption capacity only 15% higher. Also, the “qe” for the 0.1g 339 

is 21.1% higher than 0.15g. 340 

Therefore, for further experimental studies, the adsorbent dosage is optimized at 341 

0.1000 g in 20.0 mL of solution  (5.00 g L-1). Based on the above observations, it becomes 342 

evident that phosphate adsorption is majority a phenomenon of the surface. Indeed the 343 

amount of surface vacant sites for adsorption and therefore the mass of adsorbent can 344 

extensively influence adsorption efficiency. 345 
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 346 

 347 

Fig. 7. Effect of adsorbent dosage on P removal using non-carbonated sample 348 

(0 days). 349 

 350 

 351 

3.2.2 Effect of the pH on P removal 352 

 353 

Changes in pH may affect the adsorption process either dissociating the 354 

adsorbate in different species and functional groups present at the adsorbent's active 355 

sites. Thus, it is necessary to know the influence that this parameter has on the process 356 

of adsorption of phosphate in aqueous solution. 357 

Depending on the pH on the P solution, many phosphates species (H3PO4, 358 

H2PO4
-, HPO4

2- and PO4
3-) can be present at different proportions (Xie et al., 2014). Fig. 359 

8 shows the influence of pH on P removal by both samples (0 and 56 days of 360 

carbonation). The results show that at pH 2.0 “q” was the lowest for both adsorbents. For 361 

the non-carbonated sample (0 days), while the pH increases from 2.0 to 3.2 the “q” 362 

increased 30% and kept almost constant until pH 7.4 (29.5 mg.g-1) (see Fig. 8). However, 363 
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when the pH increases from 7.4 to 9.5, the “q” increased by 35% (45.6 mg.g-1). At pH 364 

12.4, the adsorption capacity increases slightly and reaches 47.8 mg.g-1. The same trend 365 

was observed for the carbonated sample at 56 days; however, with less efficiency (see 366 

Fig. 8). 367 

 368 

Fig. 8 - Effect of the pH on P removal using non-carbonated (0 days) and 369 

carbonated samples (56 days). 370 

 371 

The reason for which each pH has different “qe” value can be explained due to P 372 

adsorption could be influenced by the presence of Ca2+ dissolved ions (that is one of the 373 

majority element in concrete waste). Calcium(II) ions can react with the phosphate 374 

species present in the solution to form the solid calcium phosphate (Yuan et al., 2015). 375 

As was aforementioned, the presence of the phosphate species mainly depends on the 376 

solution pH values (Yuan et al., 2015).  When pH value is about 9.5, HPO4
2− is the 377 

dominant specie in the solution (Yuan et al., 2015). Yan et al. (2007) pointed out that at 378 

higher pH values, calcium phosphate precipitation is the primary mechanism for P 379 

removal from aqueous solution.  380 
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The literature describes that the concentration of dissolved Ca2+ decreases when 381 

the pH initial value increases and this provokes the inhibition of calcium phosphate 382 

precipitation and then reduces phosphate adsorption (Yan et al. 2007; Yuan et al., 2015). 383 

This behavior was observed in this work for both non-carbonated and carbonated 384 

samples (see Table. 2). 385 

 386 

Insert Table 2 387 

 388 

Based on these results, it can be pointed out that, at higher pH values, calcium 389 

phosphate precipitation is one of the most predominant mechanisms in P removal from 390 

aqueous solution by using concrete-waste adsorbent. It is reported that P adsorption is 391 

hindered in alkaline environment because of the competition for surface active sites by 392 

hydroxide and phosphate ions (Johansson and Gustafsson, 2000). The acid pH helps 393 

the concrete body to release Ca2+ ions into the solution which react with the P causing 394 

the precipitation of Ca3(PO4)2 (Yan et al. 2007). The enhance in P removal above pH 7.8 395 

could be due to the formation of OH enriched complexes precipitating calcium phosphate 396 

(Yan et al. 2007). 397 

 398 

3.2.3 Effect of the temperature on P removal 399 

 400 

P removal onto concrete-waste adsorbents was also studied as a function of 401 

temperature. Results obtained in this study are given in Fig. 9. As shown in Fig. 9, the 402 

adsorption capacity increased as the temperature increased, and that the adsorption of 403 

P by the concrete-waste adsorbents most likely occurs through chemical interactions 404 

rather than physical interactions. 405 

Fig. 9 shows that at 22°C, the P adsorption was 18.1 and 29.5 mg g-1 for 406 

carbonated and non-carbonated samples, respectively. When the temperature increase 407 

from 22° to 50°C the adsorption capacities increased to 26.1 and 38.4 mg g-1 for 408 
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carbonated and non-carbonated samples, respectively, corresponding to an increase in 409 

the order of 44% and 30% for both carbonated and non-carbonated samples, 410 

respectively. These results agree with early report (Li et al., 2016). 411 

Although the temperature is an essential parameter in the P adsorption over 412 

concrete samples, the increase in the temperature results in a very high operational cost 413 

for the adsorption process, therefore, 22°C was selected as an optimum temperature for 414 

the kinetic and equilibrium experiments. 415 

 416 

 417 

Fig. 9 - Effect of the temperature on P removal using non-carbonated (0 days) 418 

and carbonated samples (56 days). 419 

 420 

3.2.4 Kinetic study of the adsorption  421 

 422 

Kinetic adsorption process gives insights about the interaction between the used 423 

adsorbent and adsorbate and its importance in the process to obtain the equilibrium.  424 

P ions adsorption on both concrete-waste adsorbents were very fast at the 425 

beginning of the process and reached 50% of P removal in 2.19 and 5.79 min for 0-day 426 



20 
 

20 
 

and 56-day  adsorbents, respectively; afterward, the P was slowly adsorbed achieving 427 

95% of removal in 71.54 and 103.7 min for non-carbonated (0-day) and carbonated (56- 428 

days) adsorbents, respectively. 429 

Adsorption of P on both samples can be split into three stages: 430 

(i) the rapid adsorption at the beginning of the kinetic, due to many available 431 

active sites that easily adsorb P ion species on the surface of the concrete 432 

adsorbents; 433 

(ii) the slow adsorption in the second stage which suggests that the active sites 434 

are becoming saturated;  435 

(iii) The equilibrium characterized by a plateau, which corresponds to the 436 

saturation of the adsorbent sites. 437 

 438 

 It is worth to note that in the calcium-rich adsorbents such as concrete, phosphate 439 

is also precipitated and can be removed by an ion-exchange mechanism between 440 

calcium species present at the surface of the adsorbents and phosphate species in 441 

solution, rather than a fixation at the surface of the adsorbents as commonly found in the 442 

literature (Rahnemaie and Hiemstra, 2006; Sabah and Majdan, 2009; Kudeyarova, 443 

2010). Therefore, the adsorption mechanism in this study is different from that of 444 

conventional adsorbents listed in the literature, such as activated carbons. The dissolved 445 

Ca2+ from the dissolution of CaCO3, CaO and Ca(OH)2 are preferably precipitated by P 446 

species (in phosphate form) in high pH solution, which gives a high initial rate of sorption.  447 

Therefore, the adsorption of P onto concrete-waste adsorbents probably resulting 448 

from a significant presence of many functional groups and oxides that are effectively 449 

involved in the P capture as well as ion exchange mechanisms (Choi et al., 2016). 450 

The fitting curves were analyzed by three models, pseudo-first-order, pseudo-451 

second-order, and general order kinetic model. The fitting curves and their parameters 452 

are exhibited in Fig. 10 and Table 3. It appears that the kinetic data is more suitable to 453 

characterize the General order model. 454 
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 455 

Fig. 10 - Kinetic curves for adsorption of P (A) non-carbonated and (B) 456 

carbonated samples. 457 

 458 

Insert Table 3 459 

 460 

The fitness of the kinetic models was evaluated according to the adjusted 461 

determination coefficient (R2
adj), and standard deviation of residues (SD). Lower SD and 462 

higher R2
adj values imply a smaller difference between experimental and theoretical q 463 
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values (which is given by the models) and therefore have the best suitable model. 464 

According to Fig. 10 and Table 3, the general order kinetic model was the most suitable 465 

(for both adsorbents) model which best represent the experimental kinetic data, since 466 

they presented lower SD (0.1203 and 0.09344) and higher R2
adj values (0.9998 and 467 

0.9997), for both 0-day and 56-day adsorbents, respectively (see Table 3). This indicates 468 

that the qt predicted by the General order model presented the closest calculated values 469 

compared to the experimental qt.  470 

The general order kinetics describes that the order of adsorption should be the 471 

same as that of a chemical reaction which makes more sense in P removal onto 472 

concrete-waste adsorbents. It is well-known that P species (phosphate anions) are 473 

chemisorbed on the surface of metal-containing soil sorbents with the formation of hardly 474 

soluble metal–phosphate complexes (Rahnemaie et al., 2006; Kudeyarova, 2010). 475 

 476 

3.2.5 Equilibrium models 477 

 478 

The determination of the adsorption isotherm presents an indispensable role in 479 

the design of both methods fixed bed and batch adsorptions, besides allows to a better 480 

understanding of the whole adsorption process.  481 

There are several isotherm models to evaluate equilibrium studies. In this 482 

research, Langmuir, Freundlich, and Liu isotherms were chosen to evaluate the fitness 483 

of the P adsorption over two concrete-waste adsorbents, a non-carbonated sample and 484 

carbonated one. The aim is to evaluate how the carbonation process affected P 485 

maximum adsorption capacity. 486 

The P adsorption isotherm curves and their parameters for the adsorbents at 0 487 

and 56 days of carbonation are displayed in Fig. 11 and Table 4. The fitness of the 488 

models was evaluated using the R2
Adj, and SD similar to the kinetic studies discussed 489 

above. 490 
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In the light of R2
Adj and SD values, the equilibrium adsorption is more suitable to 491 

be described with Liu model, because it has the highest R2
adj and the lowest SD values, 492 

in comparison with Langmuir and Freundlich models. This finding means that Langmuir 493 

and Liu's isotherms show lower goodness of fit, which means that these models do not 494 

describe well the adsorption process of P for concrete adsorbent used in this work under 495 

applied conditions. Likewise, the q values provided by the Liu model were closer to those 496 

obtained experimentally.  497 

 498 

 499 

 500 

 501 
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Fig. 11 – Adsorption isotherm curves of P for (A) 0 day and (B) 56 days. 502 

 503 

Insert Table 4 504 

 505 

3.2.5 Adsorbent efficiency  506 

 507 

The evaluation of the effectiveness of the adsorption process depends on the 508 

adsorbent efficiency in terms of how it can uptake the desired pollutant. The adsorbent 509 

efficiency is usually performed from the comparison of the values of maximum adsorption 510 

capacities. To make a comparison among the results found in this paper, supplemetary 511 

Table 1 summarizes the adsorption capacities and the main conditions and conclusions 512 

of some concrete/cementitious adsorbent materials in P removal from aqueous media in 513 

the literature. 514 

The non-carbonated and carbonated samples (0 and 56 days, respectively) 515 

exhibited Qmax values of 63.85 and 63.83 mg g-1 (obtained from Liu isotherm model) 516 

which are among the highest adsorption capacities of that of other low-cost adsorbents 517 

cited in the literature (see supplemetary Table 1).  518 

The reasons for different Qmax values for P adsorption might be justified by the 519 

fact that these works have used different experimental conditions such as different 520 

adsorbents, contact time, pH, and different isotherm models used (Langmuir, Liu, etc.). 521 

supplemetary Table 1 also highlights from different experimental conditions ones can be 522 

obtained different findings and conclusions. 523 

However, it is possible to infer that, based on supplemetary Table 1, the 524 

adsorbents used in this paper presented pretty good effectiveness for P adsorption and 525 

recovery from aqueous effluents since it is abundant and cheap to be enabled for 526 

adsorption experiments. 527 

 528 

3.2.6 Possible mechanisms of phosphate removal 529 
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 530 

The adsorption of P species ions on the negatively-charged surface of concretes 531 

and the precipitation of phosphate compounds can both respond for the majority of P 532 

removal and recovery. Additionally, electrostatic interactions might also take place in the 533 

mechanism of P adsorption on concrete. The importance of each adsorption mechanism 534 

is probably determined by the pH of the adsorbate solution (Choi et al., 2016; Tracz  et 535 

al., 2019). 536 

Before adsorption tests, the initial pH values of P solutions were around 7.6. 537 

However, after adsorption tests, the pH was always higher than 10.0; this indicates that 538 

the surfaces of both adsorbents were negatively charged.  539 

Under very acid solution, the concrete surface is positively charged, which favors 540 

the uptake of negatively charged phosphate ions due to the adsorption reactions and the 541 

electrostatic attraction. 542 

In the surface complexation mechanism, the adsorption of phosphate takes 543 

place, on concrete surface, when part of hydroxyl groups on its surface from different 544 

oxides (e.g., Fe—O--H, Ca--O—H…, etc) could be replaced by P anions and 545 

subsequently the new Fe--O--P and Ca--O--P inner-sphere complexes could be formed 546 

(Rahnemaie  et al., 2006). Inner sphere complexes indicate that they are strongly bonded 547 

to highly structure mineral surfaces and P via covalent binding (Rahnemaie  et al., 2006; 548 

Sabah and Majdan, 2009). The H2PO−
4 and HPO4

2-
 can also react with some oxides (eg., 549 

Si--O--H, Ca--O--H, Al--O--H…etc) via hydrogen bonding according to follows (Sabah 550 

and Majdan, 2009). 551 

Deng and Wheatley (2018) reported the same findings concerning the P 552 

adsorption mechanism on concrete-waste adsorbents. They showed that the P species 553 

were mostly adsorbed due to the presence of the oxides of Ca, Al, Mg, and Fe, which 554 

can effectively bind with P (e.g., phosphate) in aqueous solution. 555 

Another mechanism of P removal in concrete - P solution system is the calcium 556 

and metal oxides precipitation, being Ca2+ the major element that influence in the P 557 
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precipitation in the form of calcium-phosphate. Concrete-waste adsorbent leaches out 558 

Ca2+, and Ca2+ reacts with HPO4
2− and PO4

3− to form calcium phosphate. The same 559 

precipitation mechanism might happen for other metals oxides such as Fe, Al, Mg, etc. 560 

The Fig. 12 shows the SEM and EDS mapping of the main elements found in 561 

non-carbonated concrete loaded with phosphate. It shows that the main element is CaO 562 

and the presence of P was detected in sample used in the P adsorption, highlighting that 563 

non-carbonated sample successfully adsorbed the P. 564 

 565 

Fig. 12 SEM and EDS mapping of the non-carbonated slurry concrete loaded P. 566 

 567 

3.2.7 Environmental analysis (Leaching out tests) of concrete samples 568 

 569 

The leaching out method was used to investigate the leaching of trace elements 570 

from the non-carbonated (0 days) and carbonated (56 days) concrete-waste adsorbent 571 

used in this work and the target trace elements are presented in Table 5. The leached 572 

out elements, even in tiny contents, can decrease the P removal efficiency due the 573 

competition for adsorption. Moreover, the effect of coexisting elements (with different 574 

concentrations) on P removal efficiency is a complex process, and it is difficult to 575 
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generalize on removal performance based only on laboratory scale experiments. 576 

Furthermore, the leaching of elements contained in the concrete adsorbents needs to be 577 

further investigated for the case of real polluted waters. 578 

It can be seen that, despite the variability, all-metal levels released in the water 579 

from both concrete samples were within the allowable limits for agricultural soil irrigation 580 

purposes preconized by FAO (Ayers and Westcot 1985). Among all metals evaluated in 581 

Table 5, only the molybdenum exceeds the limit imposed by FAO (Ayers and Westcot 582 

1985) in terms of waters used for irrigation. The rest of metals are below the limit which 583 

recommends maximum concentrations of trace elements in irrigation water. However, 584 

Ca and K seem to exceed the limits preconized by FAO (Ayers and Westcot 1985). 585 

However, it does not represent a hazard because in this case, we are handling 586 

with wastewaters. Besides, for the leaching out tests were used a considerable amount 587 

of concrete (dosage of 30.0 g.L-1) compared with those amounts used for the kinetic and 588 

equilibrium tests (dosage of 5.00 g.L-1); therefore it is expected that the real valor would 589 

be lower than those presented in Table 5. In general, non-carbonated samples leached 590 

out higher element contents when compared to carbonated sample (see Table 5). The 591 

carbonation process improves the mechanical properties of the concrete-waste, which 592 

difficult the leaching elements out of the concrete matrix. 593 

 594 

3.2.8 Viability and advantages of use P adsorbed on concrete as potential P-595 

fertilizer 596 

Cementitious waste come as promising materials for the designing of inexpensive 597 

phosphate adsorbents because they contain many oxides and alkali calcium compounds 598 

that are effective in phosphate capture and recovery. 599 

The conventional processes employed today for P removal are chemical 600 

precipitation, ion exchange resins, biological activated sludge. These processes can 601 

achieve high efficient results for P removal; however, they present high costs and difficult 602 
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to be implemented. Adsorption process is easy to be implemented and is economically 603 

viable. 604 

Concrete-waste adsorbents have shown to have high P-removal performance 605 

and therefore can be used as an inexpensive P recovery agent. Moreover, its natural 606 

and environmentally friendly features make it suitable to be used as a fertilizer or soil 607 

conditioner such to correct soil acidity. Concrete contains many essential macronutrients 608 

(P, K, Ca, Mg), micronutrients (Fe, Mn and B) and some beneficial elements (Si, Na) for 609 

plant growth and therefore it is useful for agricultural purposes. 610 

Besides, the use of P-loaded adsorbent as a fertilizer could be more cost-effective 611 

than regenerating it; since the regeneration process can reach up to 70% of the total 612 

operating and maintenance cost of an adsorption system (Goh et al., 2008). However, 613 

future works should be done concerning the study of concrete adsorbent regeneration. 614 

 615 

3.2.8 Adsorbent and adsorption process cost assessment  616 

 617 

Economic study is an important factor to be taken into account for determining 618 

the applicability of an adsorbent in a wastewater treatment process. The economic 619 

viability of the adsorption process depends mainly on the cost of the used adsorbent. 620 

However, since the concrete adsorbent is a waste, it means that there is no cost 621 

associated with its preparation and with equipment for instance. Therefore, it is 622 

highlighted that there will be a cost associated with the transportation of the waste to the 623 

wastewater treatment plant. When it is compared to other low-cost adsorbents reported 624 

in the literature, the adsorption process by using concrete waste adsorbents can be 625 

economically viable since it is an abundant waste and it is not necessary to spend energy 626 

and chemicals to process it. Moreover, when compared with the most popular adsorbent 627 

(commercial activated carbons), it can reach 111$/kg, which is too high. However, low 628 

cost activated carbons can be prepared at the cost of 14.36$/kg (Reza et al., 2014). 629 
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Bhatnagar et al., (2013) prepared a low-cost adsorbent by using a bio-waste treated with 630 

H3PO4 and calculated its preparation costs at 0.5 $/kg. 631 

Therefore, to achieve a circular economy, this research shows that it is possible 632 

to use a low-cost and eco-friendly adsorbent for recovering P from aqueous effluents. To 633 

close the cycle, the P-loaded concrete can be potentially used as fertilizer which makes 634 

the process more economically sustainable. 635 

 636 

4. Conclusion  637 

 638 

In this work, the effect of the carbonation process on physicochemical properties 639 

and in the adsorption of phosphate on the concrete slurry powder was investigated.  640 

General order kinetic provided the better fitting model for the adsorption behavior 641 

of P onto both non-carbonated and carbonated concrete samples. The equilibrium 642 

adsorption data were better fitted by Freundlich isotherm model describing heterogeneity 643 

in the adsorption of P onto concrete-waste adsorbents. 644 

P removal was mainly ruled by chemical adsorption through inner-sphere 645 

complexion and P precipitation on the surface of concrete adsorbent having Ca2+ as an 646 

essential element in the adsorption mechanism. Compared with other phosphate 647 

adsorbents, both non-carbonated and carbonated concrete may be an economical and 648 

efficient adsorbent. 649 

The non-carbonated sample gave a high adsorption capacity of P (47.6 mg P per 650 

g of concrete, experimental value) and presenting a fast and high initial adsorption, 651 

reaching 72% of P removal only in 5 min at 22°C, while carbonated sample showed a 652 

value of 30.6 mg g-1 as adsorption capacity at the same experimental conditions. 653 

Non-carbonated and carbonated concrete adsorbents showed to have of the 654 

highest phosphate-removal performance between many adsorbents found in the 655 

literature; therefore, concrete slurries can be used widely as an inexpensive phosphate-656 

recovery adsorbent.  657 
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Additionally, the application of non-carbonated and carbonated concrete  waste, 658 

loaded with P, as potential fertilizers can be an interesting and environmentally approach 659 

for reusing this kind of waste. 660 

The environmental analysis highlighted that the adsorbents did not leach out 661 

heavy metals above the allowable limits preconized by FAO for irrigation waters. 662 

However, aspects related to monitoring the presence and mobility of heavy metals on 663 

soil must be better addressed and monitored. 664 
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