
1 
 

APPLICATION OF ALGINATE EXTRACTION RESIDUE FOR AL(III) IONS 1 

BIOSORPTION: A COMPLETE BATCH SYSTEM EVALUATION  2 

 3 

Heloisa Pereira de Sá Costa¹, Meuris Gurgel Carlos da Silva¹, Melissa Gurgel Adeodato 4 

Vieira¹* 5 

¹Department of Processes and Products Design, School of Chemical Engineering, 6 

University of Campinas, Albert Einstein Av., 500, Campinas, São Paulo, 13083-852, 7 

Brazil 8 

* Corresponding author: Prof. Dr. Melissa Gurgel Adeodato Vieira 9 

E-mail address: melissag@unicamp.br. Telephone: +55.19.3521.0358 10 

 11 

ABSTRACT 12 

The residue derived from the alginate extraction from S. filipendula was applied for the 13 

biosorption of aluminum from aqueous medium. The adsorptive capacity of the residue 14 

(RES) was completely evaluated in batch mode. The effect of pH, contact time, initial 15 

concentration and temperature was assessed through kinetic, equilibrium and 16 

thermodynamic studies. The biosorbent was characterized prior and post-Al biosorption 17 

by N2 physisorption, Hg porosimetry, He picnometry and thermogravimetry analyses. 18 

Equilibrium was achieved in 60 minutes. Kinetics obeys pseudo-second order model at 19 

aluminum higher concentrations. Isotherms followed Freundlich model at low 20 

temperature (293.15 K) and D-R or Langmuir model at higher temperatures (303 and 313 21 

K). Data modeling indicated the occurrence of both chemical and physical interactions in 22 

the aluminum adsorption mechanism using RES. The maximum adsorption capacity 23 

obtained was of 1.431 mmol/g at 293 K. The biosorption showed a spontaneous, favorable 24 

and exotherm character. A simplified batch design was performed, indicating that the 25 

residue is a viable biosorbent, achieving high percentages of removal using low biomass 26 

dosage.  27 
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1.  INTRODUCTION 48 

Toxic metals can be widely found in effluents derived from several industrial sectors. 49 

They are non-degradable chemical species and have a strong tendency to bioaccumulate, 50 

which makes these metals potentially dangerous to living organisms. Aluminum is 51 

classified as a toxic metal and remarkable concentrations of this metal have been reported 52 

in effluents from several industries, e.g., mining, smelting, metallurgy and electroplating 53 

(Vijayaraghavan et al. 2012; Boeris et al. 2016). Another significant source of effluents 54 

contaminated by aluminum are water treatment plants, due to the use of chemicals 55 

composed of aluminum (aluminum sulfate and polyaluminium chloride) in the 56 

flocculation process, often high concentrations of the metal are found in effluents from 57 

this treatment step (Merian et al. 2004; Stephens and Jolliff 2015).  58 

Several studies report that aluminum contamination can cause harmful effects on different 59 

organisms. In plants, excessive Al3+ ions in soils mainly affect the roots and can trigger 60 

deficiency in the absorption and transport of nutrients, loss of biomass and genotype 61 

changes (Skibniewska and Skibniewski 2019). In fishes, it can induce oxidative stress, in 62 

addition to cause fatal damages to the nervous and respiratory system (Freda 1991; 63 

Gensemer and Playle 1999; Walton 2011). In humans, the bioaccumulation of this metal is 64 

mainly associated with the potential development of neurological diseases such as 65 

Alzheimer's and the development of bone diseases related to inhibition of bone cell 66 

growth and activity and bone mineralization (Dermience et al. 2015). For this reason, the 67 

maximum amount of aluminum present in industrial effluents discharged in water bodies 68 

is monitored by environmental pollution control authorities in several countries.  69 
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Amidst the diverse procedures for removing toxic metals in aqueous media like 70 

precipitation, adsorption, ion exchange using resins and membrane processes, biosorption 71 

is a promising technology also applied for the treatment of effluents. This process presents 72 

several advantages mainly for being ecofriendly and having low cost. These factors are 73 

associated with the fact that in this process, unconventional materials are used as 74 

adsorbents, usually wastes.  75 

Plenty of materials have been investigated as a biosorbent for Al (III) removal, including 76 

biomass derived from fungi, bacteria, algae and agro-industrial residues (Lee et al. 2004; 77 

Ozdemir and Baysal 2004; Sari and Tuzen 2009; Tassist et al. 2010; Rajamohan et al. 78 

2014; El Houda Larbi et al. 2019; Titah et al. 2019). Among them, algae stand out because 79 

they are cheap, have high availability in addition to having high affinity with toxic metals, 80 

the latter being directly related to the composition of algae cell wall. Alginate is a 81 

biopolymer that composes the structure of brown algae and is considered to play a major 82 

role on the uptake of metals by biosorption (Davis et al. 2003). This compound has 83 

commercial value since it is used extensively in the cosmetics, food and pharmaceutical 84 

industry due to characteristics such as its viscosity and its stabilizing properties. The 85 

alginate extraction process produces a fibrous residue with no added commercial value.  86 

Costa et al. (2016) found that the process of alginate obtainment using the brown algae 87 

Sargassum filipendula generates a residue that still preserves several functional groups 88 

identical to those found in raw alga and directly linked to the ion exchange mechanism of 89 

the biosorption process. Several studies point to this residue as a promising biosorbent in 90 

the uptake of toxic and precious metals, in addition to being also efficient in removing 91 

emerging pollutants (Freitas et al. 2018; Cardoso et al. 2020; Coelho et al. 2020; Moino 92 

et al. 2020). Furthermore, the use of waste as an adsorbent material has less environmental 93 

impact compared to traditional adsorbents like activated carbon (Nishikawa et al. 2018). 94 

Costa et al. (2020) also examined the application of the residue for removal of metals 95 

present in real industrial effluents and found a remarkable removal of aluminum, 96 

revealing a great affinity between this metal and the biosorbent. However, in-depth 97 

studies investigating aluminum biosorption using this biomass have not been found in the 98 

literature.  99 

In view of this, the aim of this work is to investigate the innovative application of the 100 

residue from the alginate extraction from the Sargassum filipendula algae as a low-cost 101 

adsorbent for the biosorption of Al3+ ions. This manuscript aimed to elucidate the 102 
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mechanisms involved in the process through kinetic, equilibrium and thermodynamic 103 

assays. Biosorbent characterizations prior and post the biosorption were carried out, 104 

offering significant information regarding the biomaterial characteristics. In addition, this 105 

work also intended to aggregate the elucidation of mechanisms and interactions involved 106 

in the biosorption of aluminum in broad-spectrum, expecting to contribute to the 107 

minimization of impacts caused by this hazardous component on the ecosystem.  108 

 109 

2. MATERIAL AND METHODS 110 

2.1. Biosorbent preparation 111 

Sargassum filipendula was obtained at Cigarras’ beach, on the northern coast of São 112 

Paulo, Brazil. The seaweed was washed with deionized water and dried at 313.15 K for 113 

24 h. After this process, the alga was milled and sieved in particles with size inferior to 1 114 

mm. For the alginate extraction, McHugh’s methodology (1987) was employed. This 115 

process originates sodium alginate as its main product and a solid alginate free biomass 116 

as waste, here termed as residue (RES). Initially 15 g of dried biomass were added to 500 117 

mL of formaldehyde solution (0.4% v/v) for 30 minutes with constant agitation. This step 118 

aims to clarify and remove phenolic compounds present in the seaweed. In order to 119 

remove the remaining phenolic compounds, the biomass was washed with deionized 120 

water and put in agitation within 500 mL of 0.1 mol/L hydrochloric acid solution for 2 121 

hours. Finally, the extraction of alginate was carried out, the washed algae biomass was 122 

added to 350 mL of sodium carbonate solution (2% w/v) in constant stirring at 333.15 K 123 

for 5 h. As a result of this step a viscous mixture was obtained, it was first manually 124 

filtered using a polypropylene filter.  125 

Then, the retained (residue) was washed exhaustively and vacuum filtered, in order to 126 

ensure that all the alginate was effectively extracted. After this step, the residue obtained 127 

was dried at 333.15 K for 24 h. For the biosorption experiments, RES was also milled and 128 

sieved into an average diameter of 0.737 mm.  129 

2.2. Evaluation of pH effect 130 

In order to evaluate the impact of pH on the biosorption of aluminum ions using the 131 

adsorbent residue, tests were conducted in a finite bath system with aluminum initial 132 

concentration of 1 mmol/L, biosorbent dosage of 2 g/L, agitation and temperature of 200 133 

rpm and 298.15 K, respectively. The pH values tested were defined based on the metallic 134 
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speciation of the aluminum, aiming the non-precipitation of the metal. The biosorption 135 

capacity (q) and total aluminum removal percentage (%Rem) were calculated using 136 

Equation 1 and 2, respectively.  137 

𝑞(𝑡) =
(𝐶0 − 𝐶(𝑡))𝑉

𝑚
 

(1) 

%𝑅𝑒𝑚 = (
𝐶0 − 𝐶𝑒𝑞

𝐶0
) . 100 

(2) 

 138 

The initial concentration, the metal ions concentration at time t (min) and solute 139 

concentration in equilibrium are respectively represented for C0, Ct and Ceq (mmol/L); w 140 

represents the RES dry weight (g); and V is the volume of solution (L). 141 

2.3. Kinetic study 142 

Kinetic assays were performed at room temperature (298.15 K), in batch mode, with 143 

different initial aluminum concentrations (1, 2 and 3 mmol/L). The dosage of 2 g/L of 144 

RES was put in contact with the metallic solution, in continuous agitation of 250 rpm. 145 

Aliquots were collected at pre-set times and the remaining aluminum concentration was 146 

evaluated through atomic absorption spectroscopy, AAS (model AA-7000, Shimadzu, 147 

Japan). The system pH was maintained at 4 using a HNO3 solution (0.1 mol/L). Equation 148 

1 was applied to obtain the adsorbent’s adsorption capacity (q). 149 

The mechanisms involved in Al(III) biosorption were investigated through different 150 

kinetic models that were adjusted to the experimental data: pseudo-first order (PFO) 151 

(Lagergren 1898), pseudo-second order (PSO) (Ho and McKay 1999), intraparticle 152 

diffusion (ID) (Weber and Morris 1963), Boyd (Boyd et al. 1947) and external mass 153 

transfer resistance (EMTR) (Puranik et al. 1999). Origin 8.0 and Maple® 20 software 154 

were employed for data analysis. PFO, PSO and ID models are represented in Equations. 155 

3, 4 and 5, respectively.  156 

 157 

𝑞(𝑡) =  𝑞𝑒𝑞(1 − 𝑒𝑥𝑝−𝑘1𝑡) (3) 

𝑞(𝑡) =
𝑞𝑒𝑞

2 𝑘2𝑡

𝑞𝑒𝑞𝑘2𝑡 + 1
 

(4) 

𝑞 (𝑡) =  𝑘𝑖𝑡0.5 + 𝑐     (5) 

 158 
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Where q(t) is the amount of metal removed in relation to time t (mg/g), qeq is the quantity 159 

of metal adsorbed in the equilibrium (mg/g), k1 is the constant of the PFO model (min-1), 160 

k2 is the constant of the biosorption rate of the P-SO model (g/mg.min), ki is the ID model 161 

constant (mmol/g.min0.5) and c is a parameter that is related to the thickness of the 162 

boundary layer. 163 

Represented by Equations 6 and 7, the Boyd equation allows to detect the controlling rate 164 

step of the process by plotting Bt vs time, when the graph line crosses the origin, the 165 

intraparticle diffusion is the rate-controlling step; in any other way, the external diffusion 166 

is the predominant step.  167 

𝐹 =  
𝑞(𝑡)

𝑞𝑒𝑞
= 1 − (

6

𝜋2
)exp (−𝐵𝑡) 

(6) 

𝐵𝑡 = −0.4977 − ln (1 − 𝐹) (7) 

Using the particles radius (r), the diffusion rate, Di (cm/s2), can be determined from 168 

Equation 8. 169 

𝐷𝑖 =
𝑟2𝐵

𝜋2
 

(8) 

 170 

The External Film Mass Transfer Resistance model (EMTR) (Equation 9) presumes that 171 

the equilibrium of solute adsorbed with the boundary layer, i.e., the interface between the 172 

liquid phase and the film involving the biosorbent surface, is the process rate-controlling 173 

step.  174 

𝑑𝐶𝑝

𝑑𝑡
=  

𝑘𝑀𝑇𝑉

𝑤𝑞𝑚𝑎𝑥𝐾𝐿
 (1 + 𝐶𝑝(𝑡))

2
. (𝐶(𝑡) − 𝐶𝑝(𝑡)) 

 

(9) 

In equilibrium conditions, C(t) is the metal solution concentration at time t and Cp 175 

corresponds to the adsorbate concentration in sorbent-solution interface (mmol/L), kMT 176 

stands for the model constant (1/min), KL is the constant obtained from the Langmuir 177 

isotherm model (L/mmol) and qmax represents the maximum biosorption capacity 178 

(mmol/g).   179 

2.4. Equilibrium study 180 

The biosorption equilibrium study was performed with 50 mL of Al (III) solutions, with 181 

initial concentration values range from 0.2-20 mmol/L, at pH 4, with 0.1 g of RES, in a 182 
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shaker with temperature control (Jeio Tech, SI-600R, Korea) with continuous agitation 183 

(250 rpm). Three temperatures were studied (293.15, 303.15 and 313.15 K). The pH was 184 

established at 4 and controlled with HNO3 solutions (0.1 and 0.5 mol/L). The initial and 185 

final Al (III) concentration was measured by AAS. The amount of adsorbed metal was 186 

calculated using Eq. 1.  187 

Langmuir (Equation 10) (Langmuir 1918), Freundlich (Equation 11) (Freundlich 1907) 188 

and Dubinin-Radushkevich (D-R) (Equation 12) (Dubinin and Radushkevitch 1947) 189 

models were applied to represent the sorption isotherm data: 190 

𝑞𝑒𝑞 =
𝑞𝑚𝑎𝑥𝐾𝐿𝐶𝑒𝑞

1 + 𝐾𝐿𝐶𝑒𝑞
 

(10) 

𝑞𝑒𝑞 = 𝐾𝐹(𝐶𝑒𝑞)
1

𝑛⁄
 

(11) 

𝑞𝑒𝑞 = 𝑞𝑚𝑎𝑥exp (−𝑘 (𝑅𝑇𝑙𝑛 (1 +
1

𝐶𝑒𝑞
))

2

) 

 

(12) 

 191 

Wherein, KF is the Freundlich model constant, related to the solid’s biosorption capacity, 192 

(mmol/g); n is a dimensionless number linked to biosorption intensity; k (mol²/J²) 193 

represents a parameter associated to the sorption energy, E (kJ/mol) (Equation 13); R is 194 

the constant of the ideal gas law (J/mol.K) and T is the temperature (K).  195 

𝐸 =
1

√2𝑘
 

(13) 

 196 

 197 

2.5. Thermodynamic and isosteric heat 198 

The thermodynamic parameters are essential to evaluate important information of the 199 

biosorption system. Variation of Gibbs energy (ΔG°, kJ/mol) reveals if the biosorption is 200 

spontaneous (ΔG° < 0) or not (ΔG° > 0), variation of enthalpy (ΔH°, kJ/mol) helps to 201 

identify if the nature of the process is endothermic (ΔH° > 0) or exothermic (ΔH° < 0). 202 

The variation of entropy (ΔS°, J/mol/K) values can be related to randomness in metallic 203 

solution-biosorbent interface. Such parameters are determined by the combination of 204 

Equations 14 and 15, which provides the Van’t Hoff equation (Equation 16), where Kc is 205 

the thermodynamic equilibrium constant.   206 

∆𝐺° = −𝑅𝑇 ln 𝐾𝐶  (14) 
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∆𝐺° =  ∆𝐻° − 𝑇∆𝑆° (15) 

lnKC =
−∆𝐻°

R

1

T
+

∆𝑆°

R
 

(16) 

In this study, Kc was obtained from Henry’s constant (KH, g/L) by multiplying its value 207 

by 1000 (Equation 17), in way to consider the dimensionality (Milonjic 2007), therefore: 208 

𝐾𝑐 = 1,000 𝐾𝐻 = 1,000 (
𝑞𝑒

𝐶𝑒
) (17) 

The isosteric heat of an adsorption system (ΔHis, J/mol) can be defined as the energy 209 

released when a constant amount of adsorbate (qeq) is attached to the solid surface of the 210 

adsorbent. This variable is linked to the process temperature, as well as to the equilibrium 211 

concentration (Ceq). The analysis of this parameter can provide information about the 212 

thermodynamic behavior of the adsorbed phase and the heterogeneity of the adsorbent 213 

surface (Hartzog and Sircar 1995; Santos et al. 2020). ΔHis can be determined by the 214 

Clausius – Clapeyron equation (Equation 18) and its integrated form becomes Equation 215 

19 (Srivastava et al. 2007). 216 

ΔH𝑖𝑠 = 𝑅
𝑑ln𝐶𝑒𝑞

𝑑(1 𝑇⁄ )
 

(18) 

ln𝐶𝑒 =
ΔH𝑖𝑠

𝑅

1

𝑇
+ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

(19) 

 217 

The angular coefficient obtained from plot of lnCe in function of 1/T, for a fixed qe, 218 

provides the values of ΔHis.    219 

 220 

2.6. Error analysis 221 

All model adjustments were evaluated according to the correlation coefficients (R²), 222 

Relative Mean Deviations (RMD) (Equation 20) and the corrected Akaike information 223 

criteria (AICc) (Equation 21).  224 

 225 

𝑅𝑀𝐷 =
1

𝑁
∑ |

𝑞𝑒𝑥𝑝 − 𝑞𝑝𝑟𝑒𝑑

𝑞𝑒𝑥𝑝
| 𝑥100

𝑁

𝑖=1

 
(20) 

𝐴𝐼𝐶𝑐 = 𝑁. 𝑙𝑛 (
∑ (𝑞𝑒𝑥𝑝−𝑞𝑝𝑟𝑒𝑑)²𝑁

𝑖=1

𝑁
) + 2𝑝 +

2𝑝(𝑝+1)

𝑁−𝑝−1
                  when 

𝑁

𝑝
< 40 

(21) 

 226 
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The predicted and experimental points are represented by qexp and qpred, respectively, N is 227 

the number of experimental points and p is the number of model parameters. In cases 228 

where two or more models present appropriate adjustments to the experimental data, the 229 

calculation of Akaike weight (wa) in Equation 22 may help to select which one is more 230 

suitable by its representativity.       231 

𝑤𝑎 =

𝑒𝑥𝑝 (−
1
2

(𝐴𝐼𝐶𝑐𝑖 − 𝐴𝐼𝐶𝑐𝑚𝑖𝑛))

∑ 𝑒𝑥𝑝 (−
1
2

(𝐴𝐼𝐶𝑐𝑖 − 𝐴𝐼𝐶𝑐𝑚𝑖𝑛))𝑟
𝑖=1

 

 

(22) 

 

In this Equation, r denotes the number of models; AICci represents the corrected Akaike 232 

information criteria from each model; and AICcmin is the lowest value of AICc obtained 233 

among all fittings.  234 

2.7. Simplified batch design  235 

This methodology is generally applied to predict the amount of biomass necessary to treat 236 

a given volume of solution and achieve the desired level of removal of the contaminant 237 

(Aravindhan et al. 2007). It is reasoned on the molar balance represented in Equation 1, 238 

at equilibrium conditions and replacing qeq for Langmuir parameters (qmax and KL), 239 

Equation 1 can be rewritten as Equation 23 for the calculation of the required amount (w) 240 

to treat volumes of Al(III) solutions achieving a desired removal percentage. In this study, 241 

the estimations were performed with initial metal concentration of 1 mmol/L, for volumes 242 

varying from 1 to 10 with 40, 60 and 90% for desirable removal.  243 

𝑤 =
𝑉(𝐶0 − 𝐶𝑒𝑞)

𝐾𝐿𝑞𝑚𝑎𝑥𝐶𝑒𝑞

1 + 𝐾𝐿𝐶𝑒𝑞

 
(23) 

 244 

2.8. Biosorbent characterization 245 

The biosorbent was characterized prior (RES) and post (RES-Al) the process aiming to 246 

understand the interactions involved in the Al (III) removal. The true density (ρt) of raw 247 

and contaminated residue were analyzed by He pycnometry (Accupyc II 1340, 248 

Micrometrics). The apparent density (ρa) and the pore size distribution were determined 249 

using an Hg porosimeter (AutoPore IV, Micrometrics), applying a pressure range of 0.5-250 

60000 psi. The biosorbent porosity (εp) was then calculated by Equation 24.  251 
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𝜀𝑝 = 1 − (
𝜌𝑎

𝜌𝑡
) (24) 

   252 

Adsorption and desorption isotherms of N2 physisorption for RES and RES-Al were 253 

obtained using BET (Brunauer, Emmett and Teller) method. The samples were dried for 254 

24 hours at 333.15 K. Thermogravimetric analysis was performed in a dynamic nitrogen 255 

atmosphere (DTG 60, Shimadzu - Japan), with temperature range of 303.15 - 1223.15 K 256 

and gas outflow of 50 mL/min.  257 

 258 

3. RESULTS AND DISCUSSION  259 

3.1. Effect of pH 260 

Biosorption systems are influenced by several factors. Temperature, pH, adsorbate initial 261 

concentration, adsorbent dosage and stirring are the most investigated parameters for 262 

biosorption process optimization (Ruthven 1984). At first, the influence of pH on the Al 263 

(III) biosorption was assessed. Moino et al. (2020) presented the isoelectric point of RES 264 

(pHzpc) surface at 5.3, indicating that above this point the biosorbent surface is negatively 265 

charged, favoring cations adsorption (Zhu et al. 2015). Nevertheless, based on the 266 

metallic speciation, at pH values below 5 99.9% of aluminum present in aqueous media 267 

are in Al3+ form. After that point, the formation of precipitated species begins (Krewski 268 

et al. 2007; Walton 2011). Therefore, pH evaluation was conducted in pH 2, 3 and 4  269 

The results presented in Fig. 1 demonstrate that pH 2 was the most unfavorable condition, 270 

within the pH range evaluated, with values of maximum removal percentage below 10 % 271 

and adsorption capacity of 0.127 mmol/g. This effect can be explained by the high 272 

concentration of H+ ions in low pH ranges, since these ions tend to compete with Al3+ 273 

ions for the sites in the adsorbent. At pH 4, removal percentages above 80% and 274 

biosorption capacity of 0.4255 mmol/g were reached, indicating the favoring of the 275 

system. This value agrees with other studies that carried out biosorption of aluminum in 276 

different biomasses as shown in Table 3 (section 3.3). Therefore, pH 4.0 was defined to 277 

accomplish Al3+ biosorption experiments.    278 
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Fig 1 Effect of pH on Al3+ removal using RES 279 

 280 

3.2.  Kinetic study 281 

Figure 2 displays biosorption kinetic curves of Al (III) ions onto RES. Analyzing the 282 

kinetic profiles, the system achieved the equilibrium in approximately 60 minutes. He 283 

and Chen (2014) pointed out that cationic metal biosorption systems using algae-derived 284 

biomass tend to be faster, where a remarkable removal occurs between 20 and 60 minutes, 285 

followed by a slower stage, reaching equilibrium generally between 2 and 6 hours, a 286 

behavior similar to that observed in the system of this work. The capacities of adsorption 287 

at equilibrium (qeq) were 0.3825, 0.6152 and 1.0107 mmol/g equivalent to the percentages 288 

of 93.96, 61.87 and 72.03 % of removal for concentrations of 1, 2 and 3 mmol/L, 289 

respectively. The improvement in the adsorption capacity with the increasing in metal 290 

concentration in solution is associated to the intensification of the driving force for mass 291 

transfer.  A similar behavior was observed in former biosorption studies of toxic metals 292 

employing the same biosorbent (Freitas et al. 2017; Nishikawa et al. 2018).  293 
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Fig 2 Biosorption kinetics of Al3+ ions by RES for three different aluminum initial concentrations 294 

 295 

Figures 1S to 3S (Supplementary Material) show the results of the adjustments of the 296 

models of pseudo-first order, pseudo-second order, intraparticle diffusion, Boyd and 297 

External Film Mass Transfer Resistance to the initial concentrations of 1, 2 and 3 mmol/L 298 

of Al3+. The variables obtained from the models fitting, along with the adjustment 299 

evaluation parameters (R², RMD and AICc) are presented in Table 1.  300 

It can be noted that, among the phenomenological models, the PFO model demonstrated 301 

a better fit in the 1 mmol/L system, while the PSO model better described the 2 and 3 302 

mmol/L kinetics, with higher R2 values, lower DMR and lower AICc. Since these 303 

parameters are very similar for pseudo-first and pseudo-second order models on 1 304 

mmol/L system, it can be said that the PSO model better represented the whole process. 305 

In general, it is widely reported that this model tends to better fit the kinetic data of 306 

biosorption of Al(III) and other toxic metals (Farooq et al. 2010; Tassist et al. 2010; He 307 

and Chen 2014; Naeemullah et al. 2017; El Houda Larbi et al. 2019). Among the reasons 308 

that stands out is the fact that the pseudo-first order model better describes the beginning 309 

of the process, while the PSO model better describes the system as a whole, so when 310 

equilibrium data are used in mathematical modeling applying these two models, k2 values 311 

tends to be favored (Pagnanelli 2011; Daneshvar et al. 2017). It can also be directly related 312 

to the interactions occurring between the metal and the functional groups of the biosorbent 313 

(Bulgariu et al. 2015). The PSO model indicates that the rate-limiting stage its possibly 314 

related to a chemisorption mechanism, occurring via the electrons sharing between Al(III) 315 
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ions and the residue in the valence shell (Ho and McKay 1999). It can be observed that 316 

the constant k2 tends to decrease with higher initial concentration, since it is a function of 317 

the process conditions (Foo and Hameed 2010).  318 

Table 1 Kinetic model adjustments for Al (III) biosorption with different initial concentrations 319 

Model Parameters Concentration (mmol/L) 

  1 2 3 

 qexp (mmol/g) 0.3825 0.6152 1.0107 

PFO qe (mmol/g) 0.3798 0.5874 0.9254 

 k1 (min-1) 0.0905 0.0746 0.1212 

 R² 0.9940 0.9716 0.9720 

 RMD (%) 10.7 24.1 12.5 

 AICc -132.413 -91.1839 -83.0646 

PSO qe (mmol/g) 0.4214 0.6561 1.0103 

 k2 (g/mmol.min) 0.2866 0.1543 0.1693 

 R² 0.9862 0.9902 0.9961 

 RMD (%) 10.6 23.8 5.1 

 AICc -118.8427 -104.0165 -104.3081 

ID ki (mmol/g.min0.5) 0.2181 0.1731 0.4715 

 c (mmol/g) 0.0216 0.0542 0.0614 

 R² 0.9806 0.9683 0.9787 

Boyd Di (cm²/min) 3.8287.10-5 2.2316.10-5 1.4268.10-5 

 R² 0.9799 0.9626 0.8636 

EMTR kMT (m/s) 0.0840 0.04409 0.0799 

 R² 0.9971 0.9867 0.9880 

 RMD (%) 7.6 6.4 12.2 

 AICc -135.911 -98.927 -84.102 

 320 

For the models based on mass transfer resistance, it is possible to note the presence of all 321 

the steps described by the intraparticle diffusion model in all studied concentrations: an 322 

initial stage of rapid removal of Al (III) ions, referring to external adsorption; a second 323 

gradual stage referring to intraparticle diffusion, this being the controlling-rate step, and 324 

the third stage where diffusion is lower due to the low concentration of solute in the 325 

solution, representing the equilibrium of system (Chen et al. 2003). The linear adjustment 326 

of this model was obtained in the region of the second stage and the high values of R², 327 

mainly for the 1 mmol/L concentration, indicates the possible relevance of intraparticle 328 

diffusion in the process kinetic rate. This result, however, is not in agreement with that 329 

observed in the fitting of Boyd model, where the linear coefficient of the line Bt vs. t in 330 
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all studied concentrations, although close, does not cross the origin, thus indicating that 331 

internal diffusion is not the predominant stage (Boyd et al. 1947). In addition to this, the 332 

Di values in the order of 10-5 suggests that in this process the controlling step is the 333 

diffusion in external film (Singh et al. 2005).  334 

Furthermore, it can be observed in Table 1 that the effective diffusion coefficients 335 

decrease as the concentration is increased, which corroborates with the results obtained 336 

in the intraparticle diffusion model, where there is an increase in the effect of the 337 

boundary layer (c) with the initial concentration, implying greater resistance to mass 338 

transfer and consequently less effective diffusion. This directly proportional relationship 339 

between the boundary layer and the initial concentration of the metallic solution, also 340 

observed by Freitas et al. (2018) in the removal of copper using the same biosorbent, 341 

which indicates that the increase in aluminum concentration is directly related to the 342 

increase in external resistance to mass transfer. The better adjustment of the EMTR model 343 

rather than the DI model to the kinetic data, for all concentrations tested, ratifies that the 344 

process is predominantly governed by diffusion in external film. This behavior is 345 

consistent with results found in the literature concerning the uptake of other toxic metals 346 

onto RES (Cardoso et al. 2017) as well as studies regarding the biosorption of Al(III) 347 

employing different biosorbents (Cayllahua and Torem 2010; Halim et al. 2012; Rosa et 348 

al. 2018).  349 

3.3. Equilibrium study 350 

Figure 3 depicts the equilibrium isotherms adjustments employing the Langmuir, 351 

Freundlich and Dubinin-Radushkevich (D-R) models at 293.15, 303.15 and 313.5 K. 352 

According to Giles et al. (1960) classification, the initial slope of the isotherms obtained 353 

is classified as H type, which suggests that the metal has elevated affinity for the 354 

biosorbent material. It is also possible to note the decrease in adsorptive capacity with the 355 

increase in temperature, a characteristic behavior of an exothermic system. A similar 356 

result was obtained by Freitas et al. (2020) and Nishikawa et al. (2018) for the biosorption 357 

of Ag(I) and Cd(II), respectively, using the same biomaterial as adsorbent. Cayllahua and 358 

Torem (2010) found the same behavior for aluminum biosorption using a bacterial 359 

biomass. This can be confirmed in Table 2, where the experimental qmax values decreases 360 

as the temperature increases. Although in most studies concerning the biosorption of 361 

Al(III) an endothermic behavior predominates, some authors like Yurtsever and Nalçak 362 

(2019) also found an exothermic process for Al(III) biosorption. 363 
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Fig 3 Langmuir, Freundlich and D-R models adjustment to biosorption isotherms of Al3+ removal 364 
using RES at a. 293.15 K; b. 303.15 K; c. 313.15 K 365 

 366 

Table 2 shows the best fitting of Freundlich model at the lowest temperature (293.15 K) 367 

considering all adjustment parameters (R², AICc, RMD and wa). For higher temperatures 368 

(303.15 and 313.15 K), good adjustments were obtained with two models, Langmuir and 369 

D-R. In this case, the Akaike wight (Equation 22) was applied and the ratio between the 370 

wa for both models were calculated. For 303.15 K the ratio of evidence was 1.059 for the 371 

Langmuir model, which indicates that this model is 1.059 times more representative than 372 

the D-R adjustment at this temperature. For 313.15 K, D-R model revealed to describe 373 

the equilibrium data 1.195 times better than Langmuir. However, according to Santos et 374 

al. (2019) , such a low ratio of evidence is not significant, therefore, both models may be 375 

adequate to describe the system in 303.15 and 313.15 K. Although, Langmuir model 376 

assumes that the biosorbent surface is composed by active sites energetically 377 

homogeneous, whilst D-R and Freundlich describe adsorption in multilayers, i.e., on a 378 

heterogeneous surface. That said, considering the excellent fitting of Freundlich model to 379 

describe equilibrium data at 293.15 K, it can be considered that the surface of RES is 380 
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predominantly heterogeneous. The results analyzed for isosteric heat, further discussed 381 

in this section, helps to stand this hypothesis.   382 

Analyzing the variable E, associated to the energy of sorption, obtained through the D-R 383 

model, it is observed that the biosorption mechanisms in this system are predominantly 384 

physical in the entire temperature range studied. A similar result reported by Nishikawa 385 

et al. (2018) using the same biomaterial for the removal of cadmium. In addition, the 386 

values of parameter n of the Freundlich model, which represents the adsorption intensity, 387 

are greater than a unity, which suggests the favorability of the biosorption. Also, Kf 388 

increases proportional to the adsorption capacity since this parameter is related to 389 

electrostatic attraction force (Shaaban et al. 2017).  390 

Table 2 Equilibrium model adjustments for Al (III) biosorption at different temperatures 391 

Model Parameters Temperature (K) 

  293.15 303.15 313.5 

Experimental qmax (mmol/g) 1.4317 1.0337 0.6137 

Langmuir qmax (mmol/g) 

KL (L/mmol) 

R² 

RMD (%) 

AICc 

wa 

1.1618 

11.2876 

0.8576 

31.89% 

-18.6639 

0.000 

1.0164 

11.6058 

0.9465 

21.31% 

-32.3661 

0.514 

0.6094 

10.1475 

0.8186 

41.69% 

-28.9440 

0.440 

Freundlich KF [(mmol/g).(L/mmol)1/n] 

n 

R² 

RMD (%) 

AICc 

wa 

0.7776 

4.0099 

0.9762 

23.10% 

-34.7619 

0.999 

0.6905 

5.2018 

0.8078 

48.19% 

-20.8533 

0.002 

0.4366 

6.9881 

0.5311 

56.16% 

-23.7930 

0.034 

D-R qmax (mmol/g) 

E (kJ/mol) 

R² 

RMD (%) 

AICc 

wa 

1.1304 

5.5047 

0.8460 

31.55% 

-17.9641 

0.000 

1.0009 

5.6249 

0.9458 

21.13% 

-32.2485 

0.485 

0.6036 

5.5516 

0.7457 

39.89% 

-29.3010 

0.526 

 392 

Within the Langmuir model the KL parameters indicates the affinity between Al (III) ions 393 

and the residue, its value tends to increase with qmax values. As expected, the highest KL 394 

was found associated with the higher qmax, at 293.15. The decrease in this parameter with 395 

the temperature increasement also reveals an exothermic pattern. 396 
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Table 3 presents a comparison between qmax values in aluminum biosorption using 397 

different types of algae and using the residue studied in this work. It is possible to observe 398 

that the waste has an interesting performance, and its maximum adsorptive capacity value 399 

is very close to the values presented for other biomasses. The main advantage of RES is 400 

that it is a waste, which is normally disposed and has no added value. Additionally, its 401 

raw material (S. filipendula) is found in abundance in nature, thus making it even more 402 

attractive for the biosorption process.  403 

Table 3 Maximum adsorption capacity (qmax) for Al3+ uptake by different algae biosorbents 404 

Biosorbent Experimental conditions qmax 

(mmol/g) 

Reference 

Beach-cast 

seaweed 

C0 = 0.18-18.5; D = 2.5;  

T = 298; pH 4 

 

0.833 

 

(Lodeiro et al. 

2010) 

Turbinaria 

conoides 

C0 = 18.3-36.6; D = 2;  

T = 295; pH 4 

2.592 (Vijayaraghavan et 

al. 2012) 

Gelidium 

latifolium 

C0 = 0.018-37.06; D = 1;  

T = 298; pH 4 

2.060 (Shaaban et al. 

2017) 

Ulva lactuca C0 = 0.018-37.06; D = 1;  

T = 298; pH 4 

2.082 (Shaaban et al. 

2017) 

Colpomenia 

sinuosa 

C0 = 0.018-37.06; D = 1;  

T = 298; pH 4 

2.116 (Shaaban et al. 

2017) 

Padina pavonica C0 = 0.37-14.82; D = 8;  

T = 323; pH 4.5 

2.864 (Sari and Tuzen 

2009) 

RES C0 = 0.2-20; D = 2; T = 293; 

pH 4 

1.431 This work 

*C0 = Initial concentration (mg/L); D = biosorbent dosage (g/L); T = temperature (K). 405 

3.4. Thermodynamics analysis 406 

Figure 4S (Supplementary Material) shows the graph of ln (K) versus 1/T. The calculation 407 

of the Kd constant was performed in the region of infinite dilution of the isotherms for 408 

the three temperatures analyzed. The value of the coefficient for determining the linear 409 

regression of the graph was 0.9822, so its linear and angular coefficients were used to 410 
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calculate the thermodynamic parameters (ΔH and ΔS) according to Equation 16. The 411 

thermodynamics parameters obtained are given in Table 4.  412 

Table 4 Thermodynamic parameters for Al (III) biosorption using RES 413 

T (K) ΔG (kJ.mol-1) ΔH (kJ.mol-1) ΔS (J.mol-1.K-1) 

293.15 

303.15 

313.15 

-11.385 

-9.659 

-7.932 

 

-61.991 

 

-0.172 

 414 

Negative values for ΔG demonstrate that Al(III) uptake using RES is a spontaneous 415 

process within the studied temperature range. Besides that, ΔG decreases with 416 

temperature increasement indicating that lower temperatures favor the process.    417 

The negative value of ΔH confirms exothermicity of the process of biosorption of Al(III) 418 

using RES. The absolute value of ΔH can also assist in defining the nature of the process. 419 

In physisorption, absolute values of ΔH ranging from 2.1 to 20.9 kJ.mol-1, while ΔH 420 

values in the range of 80-200 kJ.mol-1 are configured as chemical processes (Saha and 421 

Chowdhury 2011). In this study, the value is in the range for chemical processes, which 422 

indicates that instead of being a purely physical process as pointed out by D-R model, 423 

chemical interactions may also be involved in its removal mechanism.   424 

The negative ΔS value obtained reveals a decrease in the system disorder, that is, the 425 

adsorbate changes from a less organized state, in the liquid phase, to a more organized 426 

state when adsorbed to the surface of the biosorbent, decreasing the entropy variation, 427 

reflecting that the Al molecules were orderly adsorbed. In addition, negative entropy 428 

values also indicate that the process has associative mechanisms, that is, the system 429 

disorder tends to decrease and no considerable modification happens in the internal 430 

structure of the biomaterial.  431 

Figure 4 illustrates the isosteres (plots of ln Ce vs 1/T) for the selected equilibrium 432 

capacities (qe = 0.96, 0.95, 0.93 mmol/g), all plots were linear, with R² > 0.9. Isosteric 433 

heat was calculated from the angular coefficients. Table 5 summarizes the results 434 

obtained.  435 
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Fig 4 Adsorption isosteres for Al3+ biosorption onto RES  436 

 437 

 438 

Table 5 Isosteric heat for different equilibrium capacities   439 

qe (mmol/g) ΔHst (kJ/mol) R² 

0.96 

0.95 

0.93 

-7.11 

-7.27 

-8.51 

0.9871 

0.9437 

0.9222 

 440 

The values of ΔHst vary proportionally with the values of qe. This behavior can be 441 

associated with adsorbents with an energetically heterogeneous surface (Erbil 2009), 442 

suggesting that the surface of RES is composed of different energetically active sites. 443 

Relatively low values obtained for ΔHst are directly linked to the low qe range studied, 444 

since low q values imply strong sorbate-sorbate interactions which results in low isosteric 445 

heat. This also explains the proportional increase between ΔHst and q, high qe values 446 

implies increased sorbate-biosorbent interactions leading to higher ΔHst (Saha and 447 

Chowdhury 2011). Some authors also attribute this change to the possible occurrence of 448 

side interactions between metal ions adsorbed on biosorbent surface (Srivastava et al. 449 

2007).  450 

The magnitude of the isosteric value provides information on the nature of the adsorption 451 

mechanisms involved in the process, with ΔHst values below 80 kJ/mol indicating the 452 
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occurrence of physisorption mechanisms, as in the case of this study. This result is also 453 

in line with the mean adsorption energy (E) values obtained through the D-R model, 454 

presented in the previous section. It is possible to conclude that in the RES-Al uptake 455 

occurs mainly by physical interactions with participation of chemisorption mechanisms 456 

such as ion exchange in the rate limiting step of the process, as shown in Section 3.2. This 457 

result is not uncommon considering the complex matrix of this biosorbent.   458 

3.5. Simplified batch design  459 

Figure 5 shows the amount of RES necessary to achieve removals of 40, 60 and 90% by 460 

volume ranging from 1 to 10 L for a solution with an initial concentration of 1.0 mmol/L 461 

Al. It is possible to observe that the amount of residue required increases with increasing 462 

volume and desired removal percentage. Despite this, to treat 10 L of solution with 90% 463 

removal, only 15 g of RES are needed. Comparatively, in the study performed by Moino 464 

et al. (2020) for the removal of Ni (II) using this same biosorbent, under the same 465 

conditions studied here, about 140 g of RES were taken to achieve 90% of removal in 10 466 

L of 1 mmol/L Ni solution. In this work, the low amount of waste required to treat large 467 

volumes satisfactorily has a direct impact on the viability of the system, in addition to 468 

being an important feature for the process scale-up.  469 

Fig 5 Simplified batch design for the RES amount required to obtain 40, 60 and 90 % removal of 470 
Al(III) at 1 mmol/L 471 

 472 
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3.6. Biosorbent characterization 473 

3.6.1.  Structural properties  474 

Table 6 presents the results obtained in the characterization of the porous structure of the 475 

biosorbent by mercury porosimetry and helium gas pycnometry. It can be seen that the 476 

apparent density decreases slightly after the biosorption process. This may suggest that 477 

the metal is mostly adsorbed on the surface of the residue and not just in its pores, thus 478 

causing an increase in the volume of the material and a decrease in apparent density. The 479 

same behavior was also observed for the true density of RES, which value is slightly 480 

higher than those obtained for RES-Al. Worth mentioning that the apparent density is 481 

calculated through the relationship between the mass of the solid and the total volume, 482 

that is, the real volume of the adsorbent added to the volume occupied by Hg filling in 483 

the pores of the solid. The true density, on the other hand, is calculated using the real 484 

volume, that is, the total solid volume without the volume of empty pores. Thus, the 485 

increase in the total volume caused by the adsorption of metal ions on the surface of the 486 

material also leads to a decrease in its value. 487 

Table 6 Structural properties of the biosorbent before (RES) and after (RES-Al) Al(III) 488 
biosorption 489 

 RES RES-Al 

Apparent density (g/cm³) 0.9826 0.9783 

True density (g/cm³) 1.4820 1.4500 

Porosity (%) 33.70 32.53 

 490 

Porosity, calculated using Equation 24, also showed a decrease in its value, being an 491 

indication of the possible filling of empty pores. However, as pointed out by Freitas et al. 492 

(2019), this low variation indicates that aluminum has no influence on the pore filling of 493 

the biosorbent.  494 

In summary, it is possible to note that the values obtained for the residue prior and post 495 

the adsorption of Al (III), despite the decreasing in general, the variations were minimal, 496 

revealing that the filling of pores may not be part of the mechanism of Al(III) removal by 497 

RES. In fact, these results agree with that observed in the kinetic analysis (Section 3.2), 498 

showing that external diffusion is the controlling step of the biosorption process.  499 
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Mercury intrusion porosimetry also provides data regarding the pore size distribution, as 500 

illustrated in Figure 6.  501 

Fig 6 Pore size distribution of raw biosorbent and Al-contaminated  502 

 503 

The pore diameter range remained the same after the biosorption process, corroborating 504 

with the result of the low variation in the porosity of the adsorbent analyzed previously. 505 

In physisorption, IUPAC classifies adsorbents according to their pore size (Sing 1985; 506 

Thommes et al. 2015). According to this classification and analyzing the profile shown 507 

in Figure 6, the residue can be determined as a macroporous material. Despite this, the 508 

RES has several pores with diameter significantly larger than the minimum determined 509 

for macropores. In previous works Cardoso et al. (2020) and Moino et al. (2020) obtained 510 

similar results and associate that this much larger pore width range is linked to cavities 511 

caused by the extraction process alginate, which leads the residue to have a predominantly 512 

rough surface instead of macroporous. 513 

Figure 7 presents the isotherms of adsorption and desorption of nitrogen realized by BET 514 

method for RES and RES-Al. According to IUPAC classification, isotherms for RES (Fig 515 

7a) and for RES-Al (Fig 7b) are type II with a more gradual curvature. Type II isotherms 516 

are characteristics of nonporous or macroporous biosorbents, which corroborates with the 517 

results obtained from pore size distribution analysis. A minor curvature is related to 518 

overlap of monolayer coverage and the beginning of multilayer adsorption (Thommes et 519 

al. 2015). 520 
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Fig 7 N2 adsorption and desorption isotherms for RES and RES-Al 521 

 522 

3.5.4.  Thermogravimetric analysis (TGA) 523 

Thermogravimetric analyzes help to characterize the thermal resistance of the material. 524 

Figure 8 presents the TG, DTG (thermogravimetric analysis) and DTA 525 

(thermodifferential analysis) curves obtained for RES and RES-Al.  526 

It can be seen from the TG curves for RES and RES-Al that the mass of the biosorbent 527 

decreases with heating. Both curves show a similar decay at the beginning of the process, 528 

this loss of initial mass is associated with dehydration of the material (Kalderis et al. 529 

2008). The mass loss equilibrium is reached at 800 ºC for RES and 600 ºC for RES-Al. 530 

RES curve shows the first step between 250 and 350 ºC, the loss of mass in this range is 531 

associated with the degradation of cellulosic compounds (330 ºC) and the remaining 532 

alginic acid (200 ºC). Alginate also usually presents another peak of degradation around 533 

550 ºC, but this behavior was not obtained for both RES and RES-Al (Soares et al. 1995, 534 

2004). RES-Al curve presents a milder loss of mass profile, but a main point can be 535 

identified between 200 and 350 ºC, as well as for RES, associated with the decomposition 536 

of cellulose and alginate present in the material structure. The total loss of mass for RES 537 

was of 91% and for the contaminated residue of 67.5%, which confirms the greater 538 

thermal stability of the latter.  539 

 540 
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Fig 8 Thermal analysis curves for: (a) RES, and (b) RES-Al 541 

 542 

All these factors reveal that the residue contaminated by aluminum has greater stability 543 

than the waste prior process. This indicates that the binding of Al (III) ions to the 544 

functional groups on the surface of the biosorbent increases the thermal stability of the 545 

intermediates formed by the heating process. Herewith, it can be concluded that the 546 

residue presents considerable stability when heated to temperatures around 150 ºC, thus 547 

being able to be applied to processes that use higher temperatures. Despite this, as 548 

observed in the equilibrium study, higher temperatures disadvantage the uptake capacity 549 

for aluminum removal, so the application of this system at high temperatures would be 550 

unfeasible. 551 
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DTA curves identify the occurrence of endothermic and exothermic events. Endothermic 552 

peaks are observed at around 100 ºC for both materials, these peaks are related to water 553 

evaporation. In RES it is possible to notice the presence of a peak related to an 554 

endothermic event (330 ºC) and immediately afterwards an exothermic peak (350 ºC), 555 

both are associated with the degradation of alginic compounds (Soares et al. 2004). 556 

Exothermic events between 200 and 400 ºC also represent the decomposition of the 557 

protein fraction of the material and are related to a great loss of mass, which can be 558 

confirmed by observing the pattern of TG curves (Yu et al. 2008; Biswas et al. 2017). 559 

Above 400 ºC exothermic events are linked to the occurrence of char formation. The 560 

endothermic peak observed at 380 ºC for RES may be related to the depolymerization of 561 

cellulose.  562 

For RES-Al, as in TG, a more attenuated DTA curve pattern, with less evident peaks, was 563 

obtained. Cardoso et al. (2020) obtained a similar behavior in the DTA curves obtained 564 

for the same residue contaminated with Zn ions, the authors associate this behavior with 565 

the presence of metal ions in the material. Although attenuated, the endothermic and 566 

exothermic peaks presented for RES-Al after 500ºC may be related to the combustion of 567 

remaining metallic compounds (Do Nascimento et al. 2021). 568 

4. CONCLUSIONS  569 

This work evaluated the removal of aluminum ions through biosorption employing the 570 

waste originated from alginate extraction from S. filipendula algae. The pH presented 571 

significant influence in the process and pH 4 favored the uptake of Al(III) by RES. The 572 

kinetic study showed that the residue removes more than 90% of Al3+ ions in about 60 573 

min of the process, in all concentrations tested. The PSO and EMTR models better 574 

described the kinetic behavior, demonstrating that the process is predominantly controlled 575 

by external diffusion. In equilibrium assays it was found that the increase in temperature 576 

decreases the biosorption capacity. In equilibrium data modeling, the 293.15 K isotherm 577 

was better described through the Freundlich model, whereas Langmuir and D-R models 578 

better fitted the isotherms at 303.15 and 313.15 K with the same representativity for both 579 

curves. The values of free adsorption energy, obtained by the DR model, indicates that 580 

the biosorption of aluminum by RES has characteristics of a physical process. The 581 

maximum adsorption capacity obtained was of 1.431 mmol/g at 293.15 K, a very 582 

encouraging value when comparing to other low-cost adsorbents. The biosorption of 583 

Al((III) is an exothermic and spontaneous process. The biosorbent surface is 584 
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heterogeneous with the occurrence of physical mechanisms during the removal process. 585 

The characterizations performed on the material prior (RES) and post aluminum 586 

biosorption (RES-Al) indicated that the residue has a macroporous structure, low porosity 587 

and considerable resistance to mass loss at temperatures up to 150 ºC (423.15 K). The 588 

findings in this article demonstrate that the removal of aluminum using this biosorbent is 589 

a complex system, with the involvement of physisorption and chemisorption related 590 

mechanisms like ion exchange, which is for the most part associated to the nature and 591 

composition of the biomaterial. 592 

ACKNOWLEDGMENTS 593 

The authors thank the Coordination Office for the Improvement of Higher Education 594 

Personnel (CAPES), Brazilian Council for Scientific and Technological Development 595 

(CNPq) (Grant # 308046/2019-6) and São Paulo Research Foundation (FAPESP) (Grants 596 

# 2017/18236-1 and # 2019/11353-8) for the financial support. 597 

REFERENCES 598 

Aravindhan R, Rao JR, Nair BU (2007) Removal of basic yellow dye from aqueous 599 

solution by sorption on green alga Caulerpa scalpelliformis. J Hazard Mater 142:68–600 

76. https://doi.org/10.1016/j.jhazmat.2006.07.058 601 

Biswas B, Arun Kumar A, Bisht Y, et al (2017) Effects of temperature and solvent on 602 

hydrothermal liquefaction of Sargassum tenerrimum algae. Bioresour Technol 603 

242:344–350. https://doi.org/10.1016/j.biortech.2017.03.045 604 

Boeris PS, Agustín M del R, Acevedo DF, Lucchesi GI (2016) Biosorption of aluminum 605 

through the use of non-viable biomass of Pseudomonas putida. J Biotechnol 236:57–606 

63. https://doi.org/10.1016/j.jbiotec.2016.07.026 607 

Boyd GE, Adamson AW, Myers LS (1947) The Exchange Adsorption of Ions from 608 

Aqueous Solutions by Organic Zeolites. II. Kinetics 1. J Am Chem Soc 69:2836–609 

2848. https://doi.org/10.1021/ja01203a066 610 

Bulgariu L, Bulgariu D, Rusu C (2015) Marine Algae Biomass for Removal of Heavy 611 

Metal Ions. In: Hb25_Springer Handbook of Marine Biotechnology. Springer Berlin 612 

Heidelberg, Berlin, Heidelberg, pp 611–648 613 

Cardoso SL, Costa CSD, Da Silva MGC, Vieira MGA (2020) Insight into zinc(II) 614 

biosorption on alginate extraction residue: Kinetics, isotherm and thermodynamics. 615 

J Environ Chem Eng 8:103629. https://doi.org/10.1016/j.jece.2019.103629 616 

Cardoso SL, Costa CSD, Nishikawa E, et al (2017) Biosorption of toxic metals using the 617 

alginate extraction residue from the brown algae Sargassum filipendula as a natural 618 

ion-exchanger. J Clean Prod 165:491–499. 619 

https://doi.org/10.1016/j.jclepro.2017.07.114 620 

Cayllahua JEB, Torem ML (2010) Biosorption of aluminum ions onto Rhodococcus 621 



27 
 

opacus from wastewaters. Chem Eng J 161:1–8. 622 

https://doi.org/10.1016/j.cej.2010.03.025 623 

Chen JP, Wu S, Chong K-H (2003) Surface modification of a granular activated carbon 624 

by citric acid for enhancement of copper adsorption. Carbon N Y 41:1979–1986. 625 

https://doi.org/10.1016/S0008-6223(03)00197-0 626 

Coelho CM, de Andrade JR, da Silva MGC, Vieira MGA (2020) Removal of propranolol 627 

hydrochloride by batch biosorption using remaining biomass of alginate extraction 628 

from Sargassum filipendula algae. Environ Sci Pollut Res 27:16599–16611. 629 

https://doi.org/10.1007/s11356-020-08109-4 630 

Costa CSD, Bertagnolli C, Boos A, et al (2020) Application of a dealginated seaweed 631 

derivative for the simultaneous metal ions removal from real and synthetic effluents. 632 

J Water Process Eng 37:. https://doi.org/10.1016/j.jwpe.2020.101546 633 

Costa CSD, Cardoso SL, Nishikawa E, et al (2016) Characterization of the residue from 634 

double alginate extraction from sargassum filipendula seaweed. Chem Eng Trans 635 

52:133–138. https://doi.org/10.3303/CET1652023 636 

Daneshvar E, Vazirzadeh A, Niazi A, et al (2017) A comparative study of methylene blue 637 

biosorption using different modified brown, red and green macroalgae – Effect of 638 

pretreatment. Chem Eng J 307:435–446. https://doi.org/10.1016/j.cej.2016.08.093 639 

Davis TA, Volesky B, Mucci A (2003) A review of the biochemistry of heavy metal 640 

biosorption by brown algae. Water Res 37:4311–4330. 641 

https://doi.org/10.1016/S0043-1354(03)00293-8 642 

Dermience M, Lognay G, Mathieu F, Goyens P (2015) Effects of thirty elements on bone 643 

metabolism. J Trace Elem Med Biol 32:86–106. 644 

https://doi.org/10.1016/j.jtemb.2015.06.005 645 

Do Nascimento WJ, Landers R, Gurgel Carlos da Silva M, Vieira MGA (2021) 646 

Equilibrium and desorption studies of the competitive binary biosorption of silver(I) 647 

and copper(II) ions on brown algae waste. J Environ Chem Eng 9:104840. 648 

https://doi.org/10.1016/j.jece.2020.104840 649 

Dubinin MM, Radushkevitch L V (1947) The equation of the characteristic curve of 650 

activated charcoal. Proc Acad Sci USSR 55: 651 

El Houda Larbi N, Merouani DR, Aguedal H, et al (2019) Removal of heavy metals 652 

Cd(II) and Al(III) from aqueous solutions by an eco-friendly biosorbent. Key Eng 653 

Mater 800 KEM:181–186. 654 

https://doi.org/10.4028/www.scientific.net/KEM.800.181 655 

Erbil HY (2009) Solid Surfaces. In: Surface Chemistry of Solid and Liquid Interfaces. 656 

Blackwell Publishing, p 368 657 

Farooq U, Kozinski JA, Khan MA, Athar M (2010) Biosorption of heavy metal ions using 658 

wheat based biosorbents - A review of the recent literature. Bioresour Technol 659 

101:5043–5053. https://doi.org/10.1016/j.biortech.2010.02.030 660 

Foo KY, Hameed BH (2010) Insights into the modeling of adsorption isotherm systems. 661 

Chem Eng J 156:2–10. https://doi.org/10.1016/j.cej.2009.09.013 662 

Freda J (1991) The effects of aluminum and other metals on amphibians. Environ Pollut 663 



28 
 

71:305–328. https://doi.org/10.1016/0269-7491(91)90035-U 664 

Freitas GR, Vieira MGA, da Silva MGC (2019) Fixed bed biosorption of silver and 665 

investigation of functional groups on acidified biosorbent from algae biomass. 666 

Environ Sci Pollut Res 26:36354–36366. https://doi.org/10.1007/s11356-019-667 

06731-5 668 

Freitas GR, Vieira MGA, Da Silva MGC (2018) Batch and Fixed Bed Biosorption of 669 

Copper by Acidified Algae Waste Biomass. Ind Eng Chem Res 57:11767–11777. 670 

https://doi.org/10.1021/acs.iecr.8b02541 671 

Freitas GR, Vieira MGA, Silva MGC (2017) Kinetic adsorption of copper ions by the 672 

residue of alginate extraction from the seaweed Sargassum filipendula. Chem Eng 673 

Trans 57:655–660. https://doi.org/10.3303/CET1757110 674 

Freundlich H (1907) Über die Adsorption in Lösungen. Zeitschrift für Phys Chemie 57U: 675 

https://doi.org/10.1515/zpch-1907-5723 676 

Gensemer RW, Playle RC (1999) The bioavailability and toxicity of aluminum in aquatic 677 

environments. Crit Rev Environ Sci Technol 29:315–450. 678 

https://doi.org/10.1080/10643389991259245 679 

Giles CH, MacEwan TH, Nakhwa SN, Smith D (1960) 786. Studies in adsorption. Part 680 

XI. A system of classification of solution adsorption isotherms, and its use in 681 

diagnosis of adsorption mechanisms and in measurement of specific surface areas of 682 

solids. J Chem Soc 3973. https://doi.org/10.1039/jr9600003973 683 

Halim AA, Ezani E, Othman MS, et al (2012) Adsorption study of aluminium onto 684 

Curcuma longa. Nat Environ Pollut Technol 11:193–197 685 

Hartzog DG, Sircar S (1995) Sensitivity of PSA process performance to input variables. 686 

Adsorption 1:133–151. https://doi.org/10.1007/BF00705001 687 

He J, Chen JP (2014) A comprehensive review on biosorption of heavy metals by algal 688 

biomass: Materials, performances, chemistry, and modeling simulation tools. 689 

Bioresour Technol 160:67–78. https://doi.org/10.1016/j.biortech.2014.01.068 690 

Ho Y., McKay G (1999) Pseudo-second order model for sorption processes. Process 691 

Biochem 34:451–465. https://doi.org/10.1016/S0032-9592(98)00112-5 692 

Kalderis D, Bethanis S, Paraskeva P, Diamadopoulos E (2008) Production of activated 693 

carbon from bagasse and rice husk by a single-stage chemical activation method at 694 

low retention times. Bioresour Technol 99:6809–6816. 695 

https://doi.org/10.1016/j.biortech.2008.01.041 696 

Krewski D, Yokel R a, Nieboer E, et al (2007) KREWSKI, D. et al. Human Health Risk 697 

Assessment For Aluminium, Aluminium Oxide, and Aluminium Hydroxide. [s.l: 698 

s.n.]. v. 10Human Health Risk Assessment For Aluminium, Aluminium Oxide, and 699 

Aluminium Hydroxide 700 

Lagergren S (1898) Zur theorie Der Sogenannten adsorption geloster stoffe, Kungliga 701 

Svenska Vetenskapsakademiens. Handlingar 24:1–39. 702 

https://doi.org/10.1007/BF01501332 703 

Langmuir I (1918) The adsorption of gases on plane surfaces of glass, mica and platinum. 704 

J Am Chem Soc 40:1361–1403. https://doi.org/10.1021/ja02242a004 705 



29 
 

Lee HS, Suh JH, Kim IB, Yoon T (2004) Effect of aluminum in two-metal biosorption 706 

by an algal biosorbent. Miner Eng 17:487–493. 707 

https://doi.org/10.1016/j.mineng.2004.01.002 708 

Lodeiro P, Gudiña Á, Herrero L, et al (2010) Aluminium removal from wastewater by 709 

refused beach cast seaweed. Equilibrium and dynamic studies. J Hazard Mater 710 

178:861–866. https://doi.org/10.1016/j.jhazmat.2010.02.017 711 

McHugh DJ (1987) FAO Fisheries Technical Paper 288. In: Chapter 2 - Prod. Prop. uses 712 

alginates. http://www.fao.org/3/x5822e04.htm#chapter 713 

Merian E, Anke M, Ihnat M, Stoeppler M (2004) Elements and Their Compounds in the 714 

Environment Edited by Related Titles Joachim Nölte Bernhard Welz , Michael 715 

Sperling Handbook of Elemental Speciation Markus Stoeppler , Wayne R . Wolf , 716 

Peter J . Jenks ( eds ) Reference Materials for Chemical Analysis 717 

Milonjic S (2007) A consideration of the correct calculation of thermodynamic 718 

parameters of adsorption. J Serbian Chem Soc 72:1363–1367. 719 

https://doi.org/10.2298/JSC0712363M 720 

Moino BP, Costa CSD, Carlos da Silva MG, Vieira MGA (2020) Reuse of the alginate 721 

extraction waste from Sargassum filipendula for Ni(II) biosorption. Chem Eng 722 

Commun 207:17–30. https://doi.org/10.1080/00986445.2018.1564909 723 

Naeemullah N, Tuzen M, Sari A, Mendil D (2017) Biosorption of aluminum from 724 

aqueous solutions by using macrofungus (Cortinarius armillatus): Equilibrium, 725 

Kinetic, and Thermodynamic Studies and Determination by GFAAS. At Spectrosc 726 

38:149–157. https://doi.org/10.46770/as.2017.05.005 727 

Nishikawa E, da Silva MGC, Vieira MGA (2018) Cadmium biosorption by alginate 728 

extraction waste and process overview in Life Cycle Assessment context. J Clean 729 

Prod 178:166–175. https://doi.org/10.1016/j.jclepro.2018.01.025 730 

Ozdemir G, Baysal SH (2004) Chromium and aluminum biosorption on Chryseomonas 731 

luteola TEM05. Appl Microbiol Biotechnol 64:599–603. 732 

https://doi.org/10.1007/s00253-003-1479-0 733 

Pagnanelli F (2011) Equilibrium, Kinetic and Dynamic Modelling of Biosorption 734 

Processes. In: Microbial Biosorption of Metals. Springer Netherlands, Dordrecht, pp 735 

59–120 736 

Puranik P., Modak J., Paknikar K. (1999) A comparative study of the mass transfer 737 

kinetics of metal biosorption by microbial biomass. Hydrometallurgy 52:189–197. 738 

https://doi.org/10.1016/S0304-386X(99)00017-1 739 

Rajamohan N, Rajasimman M, Rajeshkannan R, Saravanan V (2014) Equilibrium, kinetic 740 

and thermodynamic studies on the removal of Aluminum by modified Eucalyptus 741 

camaldulensis barks. Alexandria Eng J 53:409–415. 742 

https://doi.org/10.1016/j.aej.2014.01.007 743 

Rocha Freitas G, Adeodato Vieira MG, Carlos da Silva MG (2020) Characterization and 744 

biosorption of silver by biomass waste from the alginate industry. J Clean Prod 745 

271:122588. https://doi.org/10.1016/j.jclepro.2020.122588 746 

Rosa LMT, Botero WG, Santos JCC, et al (2018) Natural organic matter residue as a low 747 

cost adsorbent for aluminum. J Environ Manage 215:91–99. 748 



30 
 

https://doi.org/10.1016/j.jenvman.2018.03.048 749 

Ruthven DM (1984) Principles of Adsorption and Adsorption Processes. Wiley 750 

Saha P, Chowdhury S (2011) Insight Into Adsorption Thermodynamics. In: Tadashi M 751 

(ed) Thermodynamics. InTech, pp 349–364 752 

Santos NT das G, da Silva MGC, Vieira MGA (2019) Development of novel sericin and 753 

alginate-based biosorbents for precious metal removal from wastewater. Environ Sci 754 

Pollut Res 26:28455–28469. https://doi.org/10.1007/s11356-018-3378-z 755 

Santos NT das G, Moraes LF, da Silva MGC, Vieira MGA (2020) Recovery of gold 756 

through adsorption onto sericin and alginate particles chemically crosslinked by 757 

proanthocyanidins. J Clean Prod 253:119925. 758 

https://doi.org/10.1016/j.jclepro.2019.119925 759 

Sari A, Tuzen M (2009) Equilibrium, thermodynamic and kinetic studies on aluminum 760 

biosorption from aqueous solution by brown algae (Padina pavonica) biomass. J 761 

Hazard Mater 171:973–979. https://doi.org/10.1016/j.jhazmat.2009.06.101 762 

Shaaban AESM, Badawy RK, Mansour HA, et al (2017) Competitive algal biosorption 763 

of Al3+, Fe3+, and Zn2+ and treatment application of some industrial effluents from 764 

Borg El-Arab region, Egypt. J Appl Phycol 29:3221–3234. 765 

https://doi.org/10.1007/s10811-017-1185-4 766 

Sing KSW (1985) Reporting physisorption data for gas/solid systems with special 767 

reference to the determination of surface area and porosity (Recommendations 768 

1984). Pure Appl Chem 57:603–619. https://doi.org/10.1351/pac198557040603 769 

Singh KK, Rastogi R, Hasan SH (2005) Removal of Cr(VI) from wastewater using rice 770 

bran. J Colloid Interface Sci 290:61–68. https://doi.org/10.1016/j.jcis.2005.04.011 771 

Skibniewska E, Skibniewski M (2019) Aluminum, Al. In: Mammals and Birds as 772 

Bioindicators of Trace Element Contaminations in Terrestrial Environments. 773 

Springer International Publishing, Cham, pp 413–462 774 

Soares JP, Santos JE, Chierice GO, Cavalheiro ETG (2004) Thermal behavior of alginic 775 

acid and its sodium salt. Eclética Química 29:57–64. https://doi.org/10.1590/S0100-776 

46702004000200009 777 

Soares S, Camino G, Levchik S (1995) Comparative study of the thermal decomposition 778 

of pure cellulose and pulp paper. Polym Degrad Stab 49:275–283. 779 

https://doi.org/10.1016/0141-3910(95)87009-1 780 

Srivastava VC, Mall ID, Mishra IM (2007) Adsorption thermodynamics and isosteric heat 781 

of adsorption of toxic metal ions onto bagasse fly ash (BFA) and rice husk ash 782 

(RHA). Chem Eng J 132:267–278. https://doi.org/10.1016/j.cej.2007.01.007 783 

Stephens BR, Jolliff JS (2015) Aluminum and Alzheimer’s Disease. Elsevier Inc. 784 

Tassist A, Lounici H, Abdi N, Mameri N (2010) Equilibrium, kinetic and thermodynamic 785 

studies on aluminum biosorption by a mycelial biomass (Streptomyces rimosus). J 786 

Hazard Mater 183:35–43. https://doi.org/10.1016/j.jhazmat.2010.06.078 787 

Thommes M, Kaneko K, Neimark A V., et al (2015) Physisorption of gases, with special 788 

reference to the evaluation of surface area and pore size distribution (IUPAC 789 

Technical Report). Pure Appl Chem 87:1051–1069. https://doi.org/10.1515/pac-790 



31 
 

2014-1117 791 

Titah HS, Purwanti IF, Tangahu BV, et al (2019) Kinetics of aluminium removal by 792 

locally isolated Brochothrix thermosphacta and Vibrio alginolyticus. J Environ 793 

Manage 238:194–200. https://doi.org/10.1016/j.jenvman.2019.03.011 794 

Vijayaraghavan K, Gupta S, Joshi UM (2012) Comparative assessment of Al(III) and 795 

Cd(II) biosorption onto turbinaria conoides in single and binary systems. Water Air 796 

Soil Pollut 223:2923–2931. https://doi.org/10.1007/s11270-012-1075-y 797 

Walton JR (2011) Bioavailable Aluminum: Its Metabolism and Effects on the 798 

Environment. In: Encyclopedia of Environmental Health. Elsevier, pp 343–352 799 

Weber WJ, Morris CJ (1963) Kinetics of Adsorption on Carbon from Solution. J Sanit 800 

Eng Div 89:31–60 801 

Yu LJ, Wang S, Jiang XM, et al (2008) Thermal analysis studies on combustion 802 

characteristics of seaweed. J Therm Anal Calorim 93:611–617. 803 

https://doi.org/10.1007/s10973-007-8274-6 804 

Yurtsever M, Nalçak M (2019) Al(III) removal from wastewater by natural clay and 805 

coconut shell. Glob Nest J 21:477–483. https://doi.org/10.30955/gnj.002566 806 

Zhu B, Xia P, Ho W, Yu J (2015) Isoelectric point and adsorption activity of porous g-807 

C3N4. Appl Surf Sci 344:188–195. https://doi.org/10.1016/j.apsusc.2015.03.086 808 


