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Abstract 12 

Activated carbons were prepared from kenaf by chemical activation with phosphoric 13 

acid in different concentrations. Its electrical conductivity was also determined. From 14 

the series of prepared activated carbons, those with better textural properties, chemistry 15 

and high electrical conductivity were selected for their use in adsorption and 16 

electroadsorption processes.  17 

The removal of Cu (II) ions from aqueous media is of great interest due to their harmful 18 

effects on health and environment. The aim of this work was to study the kinetics in the 19 

process of retention of copper ions in aqueous solution by adsorption and 20 

electroadsorption using activated carbon. Thus, when comparing both processes it was 21 

observed that the adsorption equilibrium times were generally greater than those 22 

corresponding to electroadsorption. Different kinetic models were applied. The kinetic 23 

models applied to the adsorption/electroadsorption processes indicated that the pseudo-24 

second order model described both processes in a better way than the pseudo-first order 25 

model. The values of R
2
 in electroadsorption kinetics were closer to 1 than those 26 

obtained in adsorption kinetics. Therefore, it can be affirmed that the pseudo-second 27 

order model for the samples, object of study, is better adjusted to the electroadsorption 28 

process. 29 

Keywords: Activated carbon; Adsorption; Electroadsorption; Kinetics model; Copper 30 

ion. 31 
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1. Introduction 33 

Activated carbons (ACs) have a crystalline structure of graphitic type that is 34 

characterized by high volume of micropores and mesopores, which gives the material a 35 

high surface area. However, commercial AC can be regarded as relatively expensive for 36 

some applications. Consequently, the use of agricultural biomass waste as a precursor to 37 

the manufacture of AC [1–3] emerges as an alternative. 38 

Kenaf is an appropriate material for being used as precursor in the manufacture of AC. 39 

It is a dicotyledonous plant, belonging to the genus Hibiscus (Malvaceae family). Kenaf 40 

is a good source of biomass due to its abundance, since it can grow under a wide range 41 

of climatic conditions requiring minimal amounts of water, fertilizers or pesticides. It is 42 

also a plant rich in cellulose. The stem of the kenaf plants consists of an outer bark and 43 

an inner core, both containing fibrous components that can be used for adsorption [4-5]. 44 

In the activation process to obtain an activated carbon, it is necessary to take into 45 

account the type of precursor and the activation agents, since the use of different 46 

compounds provides an AC with several porous properties and structures [6]. The 47 

H3PO4 is an activating agent that allows to work at low temperatures (over 400 °C). 48 

Furthermore, it does not cause corrosion in the equipment and leaves no metallic 49 

residues, which makes it respectful of the environment, and provides AC micro- and 50 

mesopores with high surface area [5],[7-8]. 51 

Materials with the properties above described are suitable for adsorption of harmful 52 

substances to humans and environment [9-10]. Clear examples of these harmful 53 

substances are heavy metals that are found in our environment above controlled levels. 54 

The term heavy metals is applied to those elements whose atomic weight is between 55 

63.5 and 200.6, and have a specific gravity above 5.0 [3]. These materials are non-56 

biodegradable and have a tendency to be accumulated in living organisms. This is why 57 
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the level of these heavy metals in the environment is increasing day by day. The main 58 

sources of these heavy metals are wastewater pollution in industrial processes, metal 59 

cleaning, boiler piping, and fertilizer production. 60 

Copper is a heavy metal that is particularly harmful to humans, a long exposure to 61 

copper above acceptable concentration levels can result in irritation of nose, mouth and 62 

eyes, headaches, nausea, vomiting, diarrhoea and, in extreme cases, can damage the 63 

kidneys for life and cause death [9],[11–13]. 64 

Electroadsorption is defined as an adsorption phenomenon induced by a potential 65 

difference applied on the surface of an electrode [14]. When an external electric field is 66 

imposed between two electrodes immersed in an electrolytic solution, the ions are 67 

forced to move towards the opposite charge electrodes, this resulting in a separation of 68 

charges through the electrode/dissolution interface [15]. This phenomenon can 69 

significantly improve the adsorption capacity of activated carbons without the need of 70 

impregnation. This is due to the fact that the electronic density of the adsorbent changes 71 

with the potential applied, this favouring the interaction with the ionic species in the 72 

dissolution [16]. 73 

In this work, the study of Cu
2+

 ion adsorption/electroadsorption and its kinetic model 74 

was performed using activated carbon. Activated carbons were obtained from kenaf and 75 

activated by H3PO4. 76 

2. Experimental.  77 

The materials used have been: 78 

- Kenaf (K), from which activated carbon (AC) has been prepared by chemical 79 

activation. 80 

- Carbon black Vulcan 3 (V3), from Cabot Corporation, used to improve the 81 

electrical conductivity of the prepared samples. 82 
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- Polyvinylidene fluoride (PVDF), powder, provided by Aldrich (Sigma-Aldrich 83 

Chem., S.L.) and used in this work as binder for the preparation of activated 84 

carbon electrodes. 85 

25 g of kenaf were impregnated with 100 ml H3PO4 (at concentrations of 36%, 60%, 86 

and 85%) at 85 °C during 2h. The solid product was subjected to a heat treatment at 87 

different temperatures 350-550 °C, with a heating rate of 5 °C min
-1

 in a N2 atmosphere 88 

(rate flow of 85 ml·min
-1

). Isothermal conditions at the selected temperature were 89 

maintained during 2 h. Finally, the product was washed using distilled water (neutral 90 

pH) and dried at 120 °C. The phosphoric acid used and existing in the washing water is 91 

recovered and reused. 92 

The chemical characterization was carried out using two tests: chemical analysis, and 93 

surface functional groups analysis. The textural characterization of the samples was 94 

performed by nitrogen adsorption and mercury porosimetry. The DC electrical 95 

conductivity (S) was measured at room temperature by impedance spectroscopy over 96 

the frequency range from 20 to 10
6
 Hz at a voltage of 1V. 97 

The kinetic study of the adsorption process was carried out. For measuring an adapter 98 

was designed in three dimensions to be incorporated into a thermostatic bath with 99 

agitation (Figure 1). This adapter supported vessels containing carbon samples in 100 

contact with Cu (II) ion dissolution. The adapter designed in 3D allows the recipients to 101 

be subjected to pressure in each hole and, as a result, to the same agitation speed. 102 

 103 
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 104 

Figure 1. Adapter designed in 3D to be incorporated into a thermostatic bath. 105 

The electrodes to be studied were prepared from various raw materials. These raw 106 

materials were Carbon Black (Vulcan 3, V3), Polyvinylidene fluoride (PVDF, supplied 107 

by Sigma-Aldrich Chemical S.L.), and activated carbons P-60-450, P-60-500 and P-60-108 

550.  109 

The kinetic study of the electroadsorption process was performed in a system of 110 

integrated electrodes (designed in 3D) to support cylindrical activated carbon electrodes 111 

(Figure 2). This support allows the contact between the cylindrical carbon electrodes 112 

and the dissolution of Cu (II) ions. 113 

 114 

Figure 2. System of integrated electrodes (designed in 3D). 115 

The advantage of this design (Figure 2) is that it allows, on the one hand, maintaining 116 

the parallelism of the electrodes, which facilitates the process of electroadsorption ,and 117 
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on the other hand, modifying the distance of separation between the electrodes until 118 

reaching the optimal distance. 119 

In order to study the adsorption/electroadsorption kinetics, fixed amounts of adsorbent 120 

0.1g of activated carbon and volumes of adsorptive solution(80 mL) of a given initial 121 

concentration 25 mg·L-1 of CuSO4  were kept in contactat constant temperature for a 122 

given period of time previously set. With the aim of checking the evolution of the 123 

adsorption process with time, the concentration of solute was analysed. The 124 

equilibrium time, te, may be defined as the minimum period of time that is necessary to 125 

keep the value of concentration unvaried. 126 

The Cu (II) ion concentration was measured with the aid of a Perkin Elmer flame 127 

atomic absorption spectrometer (Model Thermo Corporation). In this study, different 128 

kinetic models were tested: pseudo-first order model, pseudo-second order model, and 129 

intraparticle diffusion. 130 

 131 

3. Results and Discussion  132 

The interest in the application of carbons as electrodes has increased in recent years 133 

[17]. This interest is due to the properties of carbonaceous materials, such as electrical 134 

conductivity, specific surface, pore distribution, and easy processibility. 135 

In view of the results previously obtained, it is of great importance to study the 136 

behaviour of the samples prepared in the process of adsorption/electroadsorption. 137 

3.1. Textural characterization 138 

Table 1. Textural parameters of ACs prepared with H3PO4. 139 

 
Sample 

SBET 
 

(m
2
∙g

‐ 1
) 

Vmi 

(cm
3
∙g

-1
) 

Vme 

(cm
3
∙g

-1
) 

Vme-p 

(cm
3
∙g

-1
) 

Vma-p 

(cm
3
·g

-1
) 

P‐ 36‐ 350 600 0.33 0.11 0.11 0.16 

P‐ 36‐ 400 799 0.48 0.14 0.14 0.21 

P‐ 36‐ 450 955 0.54 0.21 0.21 0.22 

P‐ 36‐ 500 1556 0.88 0.22 0.22 0.25 

P‐ 36‐ 550 1804 1.02 0.33 0.33 0.25 

P‐ 60‐ 350 853 0.40 0.17 0.25 0.28 

P‐ 60‐ 400 1255 0.50 0.40 0.29 0.34 

P‐ 60‐ 450 1567 0.62 0.65 0.35 0.34 
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P-60-500 2270 0.88 1.15 0.35 0.42 

P-60-550 2145 0.98 0.63 0.40 0.43 

P‐ 85‐ 350 955 0.54 0.67 0.63 0.32 

P-85-400 1208 0.68 0.76 0.60 0.44 

P‐ 85‐ 450 1496 0.84 0.86 0.86 0.54 

P‐ 85‐ 500 1957 1.11 0.96 0.96 0.59 

P‐ 85‐ 550 1934 1.10 1.04 1.04 0.64 

 140 

Table 1 shows the values of the textural parameters for the three series of ACs. These 141 

values were obtained from the adsorption isotherms of N2 at -196 °C and the curves of 142 

the accumulated pore volume versus the pore radius (mercury porosimetry). The highest 143 

values of surface area and pore volume correspond to the samples of ACs prepared using 144 

phosphoric acid solutions with the higher concentrations (60 or 85%) and heating to the 145 

two highest temperatures (500 or 550 °C). 146 

The development of porosity, that results from the carbonisation of the starting 147 

material above a certain temperature (>450 °C) through activation with H3PO4, is 148 

related to the fact that the phosphorus species present in the impregnated product tend 149 

to pass into the gas phase, this causing a structural expansion in the product [18]. 150 

According to Jaytoyen and Derbyshire [19], the development of porosity below 450 151 

°C is related to the stabilization and expansion of lignocellulosic material structure. 152 

Cross-linking reactions begin to dominate over bonds rupture and depolymerisation 153 

reactions. These researchers proposed that the formation and stability of the 154 

phosphocarbonaceous esters at this temperature limit depolymerisation and 155 

consequently the development of porosity. 156 

3.2. Chemical characterization 157 

Regarding the analysis of surface functional groups, the FT-IR spectra obtained for P-158 

60-T series samples showed three very wide bands with maximum absorption peaks 159 

located at 3400,1600 and 1200 cm
-1

.  160 

At 3400 cm
-1

 the band associated with O-H stretching vibrations in alcohols and 161 
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carboxylic acids is located. It should be noted that the intensity of this band in the 162 

samples is proportional to the concentration of acid groups found for each of them.  163 

The energy absorption in these areas of the infrared spectrum is attributable to the 164 

tension vibrations of the O-H, C=C and =CH bonds. The band at 1600 cm
-1

 is due to 165 

the presence of C=C groups corresponding to aromatic rings. In the spectrum region 166 

around 1200 cm
-1

, a vibration band is observed in the plane =CH of the aromatics =CH    167 

[20]. On the other hand, due to the tension vibration of the P-O and P=O bonds, 168 

spectral bands were registered at 1260- 855 cm
-1

 and 1300-960 cm
-1

, respectively. For 169 

P-C bond, however, the band was located between 800-900 cm
-1

 [21]. Finally, the 170 

peak at 1710 cm
-1

 was easily visible in the spectra of these series (see Figure 3). 171 

4000 3600 3200 2800 2400 2000 1600 1200 800 400

P-36-500

P-60-500

P-85-500

T

Wave number / cm
-1

3400
1600 1200

 172 

Figure 3. FT-IR spectra for P-T-500 series 173 

 174 

3.3. Electrical conductivity 175 

In recent years the application of carbons as electrodes [22-23] has grown due to their 176 

electrical conductivity, specific surface, pore distribution, surface chemical 177 

composition and easy processibility. 178 

In view of the results obtained, carbons with the largest specific surface area and 179 
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porosity distribution, series P-60-T, were the object of study in terms of electrical 180 

conductivity.  According to the bibliography consulted, this type of carbon can be 181 

good precursors for being used as supercapacitors [10],[24],[25],[26]. 182 

Figure 4 shows the variation of the electrical conductivity of the samples (P-60-T 183 

series) with pressure during the compaction process. 184 

 185 

Figure 4 Variation of the electrical conductivity with pressure (P-60-T series). 186 

Figure 4 shows that, during the activation process of the carbon, aromatic structures can 187 

be formed, which may favour an increase in conductivity. The increased electrical 188 

conductivity of the P-60-500 sample may be due to the existence of graphical structures, 189 

aromatic rings, oxygen groups, etc., which allows a higher level of mobility to be 190 

produced in the electrons or, in other words: a much higher degree of electricity transfer 191 

is produced. 192 

Activated carbon is a carbonaceous material that has a crystalline structure similar to 193 

that of graphite except that the order in the structure of activated carbon is less perfect. 194 

That is to say, the difference between activated carbon and graphite consists in the 195 

degree of arrangement in the three coordinates of the space presented by graphite, 196 

whereas in the CA there are only two, which correspond to the independent planes 197 

constituted by the plates that they conform it, these plates have different orientations. 198 
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Chemical activation does not produce the same graphite plates that result from the 199 

physical activation method. The walls of the carbon rather resemble an organic 200 

molecule, part aromatic and part aliphatic, or a polymer highly branched and 201 

interlinked, furthermore these walls contain large quantities of atoms other than carbon, 202 

mainly oxygen. This fact is verified in the FT-IR spectra where the presence of aromatic 203 

structures is evident. 204 

Among other reasons, this behaviour may be due to the fact that this carbon forms 205 

layers of carbon rings linked together. These rings contain single and double bonds, this 206 

giving rise to delocalized electrons by the double bonds of each carbon (pi bonds). 207 

These delocalized electrons move from one side to another generating a current when a 208 

potential is applied. This phenomenon only takes place if the potential difference goes 209 

parallel to the carbon layer. This process does not occur in carbon structures where each 210 

carbon is linked to four more carbon through very resistant simple bonds with a null 211 

electron delocalization, this being the reason by which they are “tied” to that bond. 212 

The behaviour of P-60-550 sample could be due to pulverized activated carbon, which 213 

can lead to repulsion problems between its particles and/or decreases in electrical 214 

conductivity, as described by various authors in carbon blacks [6]. 215 

It was observed that when increasing the pressure, the conductivity increased in all 216 

samples (see Figure 4). This behaviour is probably due to the loss of porosity and the 217 

greater number of contacts between AC particles. 218 

If we look at the values obtained for the P-60-T series samples, we can affirm that P-219 

60-450, P-60-500, and P-60-550 samples would be the most suitable to be tested as 220 

possible supercapacitors. 221 

 222 
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3.4. Adsorption and electroadsorption of samples prepared by chemical activation 223 

with H3PO4. 224 

Adsorption consists of the migration of some substances from the gaseous or liquid 225 

phase to the surface of a solid substrate. Electroadsorption is generally defined as an 226 

adsorption phenomenon induced by a potential difference on the surface of an 227 

electrode [27]. 228 

In these adsorption/electroadsorption processes, the adsorption/electroadsorption 229 

velocity will depend fundamentally on the nature of the adsorbent, but also on other 230 

factors. In recent years, many researches have been done to understand the behaviour 231 

of activated carbon electrodes in electroadsorption processes. It has been shown that 232 

the shape, size and pore volume, and pore size distribution have a great influence on 233 

the kinetics of electroabsorption [28], [29]. On the other hand, the presence of 234 

heteroatoms (such as nitrogen atoms) and/or surface groups in the structure of the 235 

activated carbon electrodes can also have a great influence on the electroadsorption 236 

processes [28]. 237 

In the following section, the results obtained in the kinetics of the adsorption and 238 

electroadsorption process are discussed. 239 

3.4.1 Kinetic study 240 

The kinetic study allows determining the rate of adsorbate adsorption and provides an 241 

idea of the adsorption mechanism. According to Adamson [30], the step that leads to 242 

the link between adsorbate and adsorbent is very fast when taking place a physical 243 

adsorption, where the adsorption rate is controlled by the previous diffusion. If 244 

adsorption is accompanied by a chemical reaction, adsorption is slow because the 245 

chemical reaction is slower than the diffusion step. 246 

Kinetic adsorption/electroadsorption models are important in studies carried out on the 247 
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retention of heavy metal ions in wastewater. In this work, various kinetic models 248 

above described were tested. The velocity constants of each kinetic equation and the 249 

adsorption/electroadsorption parameters were calculated.  250 

The concentration/time kinetic curves are shown in Fig. 5. According to Figure 5, a 251 

rapid adsorption/electroadsorption took place within the first few minutes. After this 252 

initial times the adsorption/electroadsorption gradually decreased, the equilibrium 253 

being reached at different contact times depending on the carbonaceous sample. 254 

0 2000 4000 6000 8000

0

10

20

30

C
 /
 m

g
·L

-1

t / min

 P-60-450 (adsorption)

 P-60-500 (adsorption)

 P-60-550 (adsorption)

 P-60-450 (electroadsorption)

 P-60-500 (electroadsorption)

 P-60-550 (electroadsorption)

255 

Figure 5. Adsorption and electroadsorption kinetics of the prepared samples. 256 

By comparing the kinetics curves of adsorption and electroadsorption, it is observed 257 

that the adsorption process takes place fundamentally in the first 4320 minutes, while 258 

the electroadsorption process is produced within the first 2880 minutes. Subsequently, 259 

it does not significantly increase the amount adsorbed, the equilibrium being reached. 260 

 261 

 262 

 263 
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Table 2. Equilibrium times and retained quantities of Cu (II) ions in the kinetic process of 264 

adsorption and electroadsorption. Samples activated with H3PO4. 265 

 266 

 267 

 268 

Samples 

te 

(adsortpion) 

min 

qe 

 

mg·g
-1 

 

te 

(electroadsorption) 

min 

qe 

 

mg·g
-1 

P-60-450 5760 8.3 4320 12.5 

P-60-500 4320 1.5 2880 15.8 

P-60-550 4320 1.3 2880 15.0 

 269 

 270 

Likewise, when comparing both processes it is observed that the adsorption 271 

equilibrium times are generally greater than those corresponding to electroadsorption 272 

(see Table 2). This significant difference in equilibrium times can be explained taking 273 

into account that adsorption involves the transfer of a substance from the dissolution to 274 

the adsorbent surface. However in electroadsorption, the adsorption process must be 275 

supplemented by the action of an external electric field between two electrodes 276 

immersed in an electrolytic solution. This electric field causes the charged ions to be 277 

forced to move towards the opposing charge electrodes, this giving rise to a charge 278 

separation throughout the electrode/dissolution interface  [15-16]. 279 

Both in adsorption and electroadsorption process, the same sequence of adsorption 280 

capacity of the samples was observed, this being P-60-500 > P-60-550 > P-60-450. 281 

This fact could be related, on the one hand, to the presence of superficial groups, and, 282 

on the other hand, to the distribution of porosity in the samples. In particular, it could 283 

be related to the mesopores, which would facilitate the diffusion of adsorbate into the 284 

activated carbon, as observed in sample P-60-500 and gathered in Table 1 (Vme, 285 

narrow = 1.15 cm
3
·g

-1
, and Vme, wide = 0.35 cm

3
·g

-1
). 286 

3.4.1.1. Kinetic models of the processes   287 
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The design and study of an adsorption system requires knowledge of the equilibrium 288 

and kinetics of adsorption. The kinetics of a chemical process depends on material 289 

factors (adsorbents and adsorbates used) such as experimental factors (temperature and 290 

pH) [31-32]. The two most used kinetic models in the study of the adsorption process 291 

in liquids are pseudo-first-order  and pseudo-second-order . Numerous studies have 292 

attempted to rationalize these two empirical models [33-36] and review their 293 

applications to different chemical systems [37-39]. 294 

On the other hand, the theoretical complexity of adsorption mechanisms has developed 295 

different kinetic models to predict the amount of adsorbate adsorbed on the adsorbent 296 

[37], [40-41].  297 

Considering the complexities and restriction of the theoretical models, the empirical or 298 

at best ‘rationalized’ empirical models, such as the pseudo- order models, shall remain 299 

relevant and attractive in the modelling of liquid adsorption kinetics for practical 300 

purposes. 301 

3.4.1.1.1 Pseudo-first order model 302 

The pseudo-first order kinetics are based on the hypothesis that each metallic ion is 303 

assigned an adsorption site of the adsorbent material. 304 

To check whether the adsorption/electroabsorption process of copper ions on activated 305 

carbon complies with the mathematical expression applicable to the first order 306 

kinetics, a linear adjustment of the experimental data was performed. 307 

Graphs of log(qe-qt) versus time of the adsorption process are shown in Figure 6. The 308 

values of k1 and the correlation coefficient, R
2
, for all samples are gathered in Table 3. 309 

R
2
 values varied from 0.9028 to 0.9684 for the adsorption process (see Table 3-A), and 310 

from 0.7219 to 0.9521 for the electroadsorption process (see Table 3-B). Likewise, a 311 

bad correlation was observed between the values of experimental qe (see Table 2) and 312 
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those obtained by the pseudo-first order model (see Table 3) 313 

Therefore, we can conclude that neither of the two processes fits well with the pseudo-314 

first order model. However, the Cu (II) ion adsorption fits better than its 315 

electroadsorption. 316 

Table 3. Kinetic parameters of adsorption (A) and electroadsorption (B). 317 

(A) Adsorption 318 

Samples 
Pseudo-primer order 

 qe                k1                 R 

Pseudo-second order 

 qe              k2               R 

P-60-450 5.9          7.7·10
-4

        0.9684 8.7         3.5·10
-4

      0.9981 

P-60-500 8.2          1.1·10
-3

        0.9028 1.8         4.3·10
-4

      0.9986 

P-60-550 6.4          8.6·10
-4

        0.9295 1.6         4.6·10
-4

      0.9990 

 319 

 320 

Samples 
Diffusion 

 C               kid                 R 

P-60-450 3.2          1.6·10
-1

        0.9970 

P-60-500 2.5          2.3·10
-1

        0.9993 

P-60-550 0.9          1.3·10
-1

        0.9958 

 321 

(B) Electroadsorption 322 

Samples 
Pseudo-primer order 

 qe               k1                 R 

Pseudo-second order 

  qe              k2                R 

P-60-450 8.8          1.6·10
-3

        0.9521 12.8        5.6·10
-4       

   0.9988  

P-60-500 5.0          8.4·10
-4

        0.8205 15.9        1.0·10
-3

       0.9999 

P-60-550 5.2          8.4·10
-4

        0.7219 15.2        7.3·10
-4

       0.9996 

 323 

 324 

Samples 
Diffusion 

 C              kid                 R 

P-60-450 4.5         1.9·10
-1

        0.8918 

P-60-500 9.6         2.6·10
-1

        0.9507 

P-60-550 8.3         1.5·10
-1

        0.9835 
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(B) 329 

Figure 6.  Graphic representation of the pseudo-first order model: (A) adsorption, (B) 330 

electroadsorption. 331 
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 332 

3.4.1.1.2 Pseudo-second order model 333 

The experimental data were adjusted to the pseudo-second order kinetic model. Figure 334 

3.5 shows the graphs that represents t/qt versus time. From the slope the qe value was 335 

obtained, while the intercept provided the k2 value. 336 

The kinetic parameters obtained in the adsorption/electroadsorption process are 337 

gathered in Table 3. This model fits better than the pseudo-first order model according 338 

to the values of the correlation coefficients R
2
, which are closer to the unit. This 339 

indicates that copper is chemisorbed on the surface of the activated carbon. Similar 340 

behaviour was reported by other authors for this type of adsorption kinetic model 341 

applied to other metals [42-47]. 342 
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 345 

(B) 346 

Figure 7. Graphic representation of pseudo-second order model: (A) adsorption; (B) 347 

electroadsorption 348 

Figure 7 shows how the kinetic model of pseudo-second order suitably describes the 349 

adsorption of copper in the activated carbon samples prepared in this series. Moreover, 350 

and as gathered in Table 3, the correlation coefficients were generally higher than 351 

0.9981 and were over the obtained with the pseudo-first order model. This suitable 352 

behaviour could be explained by the adsorption/electroadsorption mechanism in the 353 

process, which involves the valence forces through the sharing or exchange of 354 

electrons between the copper ions and the adsorbent. In addition, the adsorption 355 

capacity of activated carbons is directly proportional to the active sites occupied by 356 

copper ions, which means that adsorbate is adsorbed in two active sites of activated 357 

carbons.  358 

Table 3 shows that the values of R
2
 are closer to 1 in electroadsorption kinetics than in 359 

adsorption kinetics. Therefore, it can be affirmed that the pseudo-second order model 360 
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is better adjusted to the electroadsorption process of the samples under study. 361 

In the particular case of adsorption, and as gathered in Table 3, it was observed that 362 

the P-60-450 sample had lower kinetic parameters than the P-60-500 and P-60-550 363 

samples. This indicates, on the one hand, that kinetics are slower (k2 lower), and, on 364 

the other hand, that the concentration in the equilibrium qe (8.3 mg·g
-1

) is similar to 365 

the qe calculated by the kinetic model (8.7 mg·g
-1

). Kinetic behaviour is similar for the 366 

samples P-60-500 and P-60-550, as reflected in the kinetic parameters gathered in 367 

Table 3.3. This could be related to the similar porous texture (see Table 1) and the 368 

presence of oxygenated groups in both samples (see Figure 3). 369 

On the other hand, in the electroadsorption process (see Table 3.B), it is observed that 370 

the k2 value of the P-60-500 sample is greater than those corresponding to the other 371 

samples, which indicates that its kinetics is faster. This faster kinetic could be related 372 

not only to the presence of superficial groups, but also to the presence of mesoporous 373 

structures previously mentioned. Also, the correlation between the experimental qe 374 

values (see Table 2) and the calculated qe values (see Table 3) through the pseudo-375 

second order kinetic model was very good. 376 

According to the obtained results, it can be concluded that both processes are well 377 

adjusted to the kinetic model of pseudo-second order, especially for electroadsorption 378 

process. 379 

3.4.1.1.3. Intraparticle diffusion 380 

The Weber and Morris intraparticle diffusion model was also used to describe the 381 

kinetics of Cu (II) absorption. This model assumes that if the regression of qt vs. t 
1/2

 is 382 

linear and passes through the origin, intraparticle diffusion is the only rate-limiting 383 

step[48-50]. However, this is not always the case, since other processes, such as surface 384 

diffusion and equilibrium adsorption, may also limit the velocity at different stages of 385 
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the kinetic profile, which would result in a multi-linearity in the intraparticle diffusion 386 

plot [51]. 387 

Plots of qt versus t
1/2

 for the adsorption (see Figure 8-A) and electroadsorption process 388 

(see Figure 8-B) show two linear sections. The slope of the first section, approximately 389 

between 6 and 40 min
1/2

, corresponds to the two adsorption/electroadsorption processes 390 

and is more pronounced than the slope of the second section. This difference shows that 391 

the diffusion process is faster in this first section. This fact would be associated with the 392 

diffusion of adsorbate through the liquid-solid interface, the linear behaviour indicating 393 

a quickly mass transport. The second linear section corresponds to values of t
1/2

 between 394 

53 and 87 min
1/2

 and is associated with the transport of adsorbate into the adsorbent 395 

pores (internal diffusion). This behaviour seems to also indicate that this stage takes 396 

place quickly. However, from samples shown in Figure 8, it is deduced that the values 397 

of the correlation coefficients are quite different from the unit (see Table 3). 398 
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Figure 8. Graphic representation of the intraparticle diffusion model: (A) adsorption; (B) 403 

electroadsorption. 404 

 405 

In general, it is observed that mass diffusion values, from the surface to the interior of 406 

activated carbon (kdif), and the boundary of the mass transfer layer (C) are increased in 407 

the electroadsorption process (see Table 3). Higher values of C indicate a greater 408 

surface participation in metal adsorption. For P-60-500 and P-60-550 samples, which 409 

have the best electroadsorption capacity, the highest values of qt can be observed, while 410 

P-60-500 sample has the best adsorption capacity. 411 

4. Conclusions 412 

The preparation, characterization and use of activated carbons was carried out in this 413 

study. Prepared samples showed a high specific surface area and notable porous 414 

development.  415 

The increase of the concentration of the solution of phosphoric acid, activant agent, 416 

develops in the samples a greater superficial area and an increase in the volume of 417 

micropore; furthermore it has an influence on the superficial chemistry of the 418 
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carbonaceous material, presenting variations in the quantity of acid groups, which were 419 

characterized by infrared spectroscopy. 420 

From textural parameters, chemical analysis and electrical conductivity, the three best 421 

activated carbons were selected for their application in the adsorption/electroadsorption 422 

process, these being P-60-450, P-60-500, and P-60-550. 423 

The equilibrium time in the electroadsorption process was lower than the equilibrium 424 

time in the adsorption process. The pseudo-second order model fitted better than the 425 

pseudo-first order model, since the values of the correlation coefficients R
2
 were closer 426 

to the unit. This indicates that copper is chemisorbed on the surface of the activated 427 

carbon. 428 

Intraparticle diffusion plots have two stages. The first stage is due to an instantaneous 429 

adsorption or adsorption on the outer surface, where the adsorbate travels to the outer 430 

surface of the adsorbent.  In the second stage a gradual adsorption occurs where the 431 

intraparticle diffusion is the velocity limiting, i.e., the adsorbate travels within the pores 432 

of the adsorbent. 433 

Thus, according to the results obtained, the sample with the highest copper retention 434 

capacity was sample P-60-500. The greater elimination capacity of the Cu (II) ions 435 

evidenced by the sample P-60-500, due to its harmful effects on health and the 436 

environment, is undoubtedly a result of great interest. 437 

 438 
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Figure 6. Pseudo-first order model: adsorption  (A)
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Figure 6. Pseudo-first order model: electroadsorption  (B)
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Figure 7: Pseudo-second order model: (A)  adsorption
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Figure 7: Pseudo-second order model: (B)  electro-adsorption
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Figure 8: Intraparticle diffusion model: (A) adsorption
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Figure 8: intraparticle diffusion model: (B) electro-adsorption
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