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Nomenclature (units used) 22 

a empirical parameter (s-1) 23 

ABET specific surface area by Brunauer, Emett, Teller method (m2 g-1) 24 

ADR Dubinin Radushkevich surface area (m2 g-1) 25 

At external area (m2 g-1) 26 

B time constant (s-1) 27 

b empirical parameter (m2 s-1) 28 

c empirical parameter (s) 29 

C outlet concentration (mg L-1) 30 

C0 initial concentration (mg L-1) 31 

Cb paracetamol bed concentration (mol m-3) 32 

Ce equilibrium concentration (mg L-1) 33 

Ci inlet concentration (mg L-1) 34 

Cp concentration in the particle external surface (mol m-3) 35 

Ct concentration at time t (mg L-1) 36 

d empirical parameter (s) 37 

De effective internal diffusion coefficient (m2 s-1) 38 

Dl molecular diffusivity of the solute in water (m2 s-1) 39 

Ds surface diffusion coefficient (m2 s-1) 40 
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Dz axial dispersion coefficient (m2 s-1) 41 

kf external film mass-transfer coefficient (m s-1) 42 

ki intraparticle mass transfer (s-1) 43 

KL equilibrium constant of Langmuir equation (L mg-1) 44 

KL0 pre-exponential factor in Langmuir equation (L mg-1) 45 

Lb bed length (cm) 46 

N number of transfer units 47 

NS diffusion molar flux (mol m-2·s-1) 48 

Q flow rate (mL min-1) 49 

�� mean concentration of solute adsorbed in the adsorbent particle 50 

qcal calculated adsorption capacity from models at C/Ci = 0.95 (mg g-1) 51 

q|Cp adsorbed concentration at the solid external surface 52 

qe adsorption capacity at equilibrium (mg g-1) 53 

qexp experimental adsorption capacity at C/Ci ≈ 0.95 (mg g-1) 54 

qi adsorption capacity at Ci concentration (mg g-1) 55 

qL maximum adsorption capacity at equilibrium of Langmuir equation (mg g-1) 56 

qm empirical parameter (mg g-1) 57 

qr adsorbed concentration at r radial position in the particle (mol m-3) 58 

qt adsorption capacity at time t (mg g-1) 59 
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R gases constant (8.31 J mol-1·K-1) 60 

Rb bed radius (cm) 61 

Rp particle size (mm)   62 

RS separation factor 63 

r2 determination coefficient 64 

T throughput parameter 65 

t time (min) 66 

ts stoichiometric time (min) 67 

u superficial liquid velocity (m s-1) 68 

Vb molar volume of solute at the normal boiling point (cm3 mol-1) 69 

VDR Dubinin Radushkevich narrow micropore volume (cm2 g-1) 70 

Vmes mesopore volume from the N2 isotherm (cm3 g-1) 71 

Vp total pore volume from the N2 isotherm (cm3 g-1) 72 

Vt micropore volume from the N2 isotherm (cm3 g-1) 73 

vz axial velocity (m s-1) 74 

w adsorbent dose (g L-1) 75 

W mass of activated carbon (mg) 76 

z axial position in bed 77 

 78 
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Greek characters 79 

εb bed porosity 80 

εp particle porosity 81 

µl fluid dynamic viscosity (cP) 82 

η yield 83 

ρb bed density (kg m-3) 84 

ρl fluid density (kg m-3) 85 

ρp particle density (kg m-3)  86 
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Abstract 87 

The remediation of paracetamol (PA), an emerging contaminant frequently found in 88 

wastewater treatment plants, has been studied in the low concentration range (0.3-10  89 

mg L-1) using as adsorbent a biomass-derived activated carbon. PA uptake of up to 100 90 

mg g-1 over the activated carbon has been obtained, with the adsorption isotherms being 91 

fairly explained by the Langmuir model. The application of Reichemberg and the 92 

Vermeulen equations to the batch kinetics experiments allowed estimating 93 

homogeneous and heterogeneous diffusion coefficients, reflecting the dependence of 94 

diffusion with the surface coverage of PA. A series of rapid small-scale column tests 95 

were carried out to determine the breakthrough curves under different operational 96 

conditions (temperature, PA concentration, flow rate, bed length). The suitability of the 97 

proposed adsorbent for the remediation of PA in fixed-bed adsorption was proven by 98 

the high PA adsorption capacity along with the fast adsorption and the reduced height of 99 

the mass transfer zone of the columns. We have demonstrated that, thanks to the use of 100 

the heterogeneous diffusion coefficient, the proposed mathematical approach for the 101 

numerical solution to the mass balance of the column provides a reliable description of 102 

the breakthrough profiles and the design parameters, being much more accurate than 103 

models based in the classical linear driving force. 104 

 105 

Keywords: Activated carbon, Adsorption, Paracetamol, Pharmaceuticals, Column 106 

adsorption, Modeling breakthrough curves 107 

 108 

 109 
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Highlights 110 

• Activated carbon with well-developed porosity has been prepared from a biomass 111 

waste 112 

• It shows high removal efficiency of paracetamol in low concentrations (0.3-10 mg L-
113 

1) 114 

• Uptake of ca. 100 mg g-1 and narrow mass transfer zone is observed in fixed-bed 115 

adsorption 116 

• Heterogeneous diffusivity coefficient successfully describes the adsorption kinetics 117 

• Breakthrough curves are predicted using adsorption parameters of batch experiments 118 

  119 
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1. Introduction 120 

Pharmaceutical compounds are labeled as emerging environment pollutants because, as 121 

in the case of many other every-day use and personal care products, they are found in 122 

increasing amounts in urban and industrial wastewaters, and even in surface waters [1], 123 

[2] and [3]. Since these compounds have biological activity, there exist scientific and 124 

social concerns to control the impact of these micropollutants on the environmental 125 

systems. Although many of these compounds have been proved to be rather stable and 126 

can generate bioaccumulation and biomagnification processes, they do not need to 127 

persist in the environment to cause negative effects, since their elimination or 128 

transformation is compensated by daily continuous introduction, derived of discharges 129 

and elution from pharmaceutical production plants, hospitals, homes or landfills. It is 130 

possible to find a great number of studies that analyze their concentration in streams, 131 

rivers, ground, surface or drinking water. They report how efficiently the municipal 132 

wastewater plants are in their removal, providing consistent proofs of the low removal 133 

efficiency for broad groups of pharmaceutical compounds making necessary the 134 

implementation of additional wastewater treatments for their remediation [1], [4], [5] 135 

and [6]. More specifically, there are several works detailing the occurrence of 136 

pharmaceutical compounds in surface waters in concentrations that ranges from 10-9 to 137 

10-6 g L-1. For instance, some studies realized in Spanish rivers, [7] and [8], showed the 138 

presence of a great variety of soluble pharmaceutical compounds.  139 

The adsorption in fixed beds columns with activated carbon is one of the most efficient 140 

advanced methods to remove organic micropollutants from aqueous effluents. Activated 141 

carbon is broadly utilized in water and gas treatment due to its unmatched adsorption 142 

capacity and its competitive cost [9] and [10]. The removal efficiency of activated 143 

carbon are strongly dependent on tailoring its chemical and physical structure to match 144 
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the required properties for the application. On the one hand, the surface chemistry of the 145 

carbon should be to the least compatible for the adsorption of the pollutant in terms of 146 

polarity, acidity and aromatic degree. If adequately tuned, these properties can be 147 

profited for enhancing the removal efficiency of activated carbons [11], [12] and [13]. 148 

On the other hand, it is necessary to use adsorbents with a well-developed and reachable 149 

surface area, and reduced mass transfer limitations for enhancing the bed service time. 150 

In this sense, the accessibility to the micropores, which are responsible for most of the 151 

adsorption capacity of an activated carbon, can be enhanced by the presence of 152 

mesopores [14] and [15]. Thus, the adsorption equilibrium and kinetics for each specific 153 

contaminant are related to the chemical surface and the porous structure of the activated 154 

carbon used as adsorbent. 155 

For envisaging the viability of activated carbons, it is critical to develop models and 156 

experimental procedures that could be used for accurately describing the dynamics of 157 

the pollutant adsorption and desorption under a variety of operating conditions from lab 158 

scale measurements. In this light, there has been considerable effort for determining 159 

these relationships using rapid small-scale column tests (RSSCT) [16]. These tests 160 

enable the design of fixed-bed activated carbon adsorbers in lab-scale that fairly 161 

reproduces the behavior of full-scale adsorbers [17], [18] and [19]. Even so, most of the 162 

laboratories are equipped for the determination of the thermodynamic and kinetic 163 

adsorption parameters using batch experiments, and the development of analytical tools 164 

for obtaining information of adsorbent performance in batch studies that would be 165 

relevant and valuable for predicting the removal performance of the adsorbents in fixed-166 

bed adsorption is still necessary. The work herein aimed at conciliating removal 167 

performance as determined by batch and column experiments of a model organic 168 

micropollutant by a specifically made biomass-derived activated carbon, so that easy 169 
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and readily applicable protocols in batch configuration can be used to identify the 170 

adsorption isotherms and diffusion properties of carbons for column operation. 171 

The work herein details the removal of acetaminophen (paracetamol) at low 172 

concentrations (<10 mg L-1) by adsorption on a biomass-based activated carbon in 173 

column operation. Paracetamol (PA) is an analgesic worldwide consumed and it is 174 

ubiquitously found in European surface waters [6] and [8], therefore being selected as a 175 

model emerging contaminant. Paracetamol adsorption in activated carbon have been 176 

widely studied during the last decade by Prof. Terzyk [20] and some other research 177 

groups [21], [22] and [23], although in concentrations much higher than those currently 178 

registered in wastewater treatment plants. As pointed out before, the aim of this work is 179 

also related to validate the use of batch adsorption experiments for determining the 180 

adsorption parameters that can later be used to accurately describe the behavior of a 181 

small-scale column test. Thus, batch adsorption experiments were used to determine the 182 

paracetamol uptake, adsorption equilibrium as well as the kinetic parameters, which 183 

were later employed to calculate the breakthrough profiles for the lab-scale fixed-bed 184 

adsorption column. Two models, the first being a numerical solution to the paracetamol 185 

molar balance in the fixed-bed and carbon particle, where a heterogeneous diffusion 186 

coefficient in the pores related to the amount of adsorbed paracetamol is considered, and 187 

the second one being the commonly used constant pattern linear driving force model 188 

(CP-LDF), have been compared for the description of the breakthrough profiles. The 189 

modeled breakthrough profiles along with the service parameters of rapid small scale 190 

column tests were confronted with those experimentally obtained at laboratory, which 191 

allowed us to clarify how batch adsorption data should be worked out for achieving a 192 

successful description of the behavior of a given adsorbent in fixed-bed adsorption. 193 

 194 
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2. Materials and methods 195 

2.1. Preparation and characterization of the activated carbon 196 

Olive stones provided by Sociedad Cooperativa Andaluza Olivarera y Frutera San Isidro 197 

(Periana, Málaga) were used as the raw material. This abundant and economic residue 198 

constitutes an excellent and underutilized carbon precursor. It is not a porous material as 199 

supplied, and therefore it has not adsorption capacity by itself; an activation step is 200 

necessary to develop any specific surface area. Olive stones were previously grinded, 201 

washed with distilled water, and dried at 100 ºC before their use. The precursor was 202 

then impregnated with concentrated commercial H3PO4 (85 % wt, Sigma Aldrich), 203 

using a weight ratio of 3/1 (H3PO4/olive stone) at 60 ºC for 24 h. This activating agent is 204 

known to promote a high mesopore volume development in the resulting activated 205 

carbon [24] and [25], which is useful in liquid phase adsorption, as well as a rendering 206 

higher carbonization yield than other activation methods thanks to the catalytic 207 

aromatization that the biomass undergoes when contacted with phosphoric acid [26], 208 

which is beneficial for a better sustainability of the preparation process. The mixture 209 

was activated at 500 ºC under continuous N2 (99.999%) flow (150 cm3 min-1) in a 210 

tubular furnace. The activation temperature was reached at a heating rate of 10 ºC min-1, 211 

kept for 2 h and the activated sample was cooled inside the furnace until room 212 

temperature. The resulting activated carbon was washed with distilled water at 60 ºC to 213 

neutral pH and negative phosphate analysis in the eluate. A final heat treatment at 900 214 

ºC under inert flow (N2) was carried out, obtaining a thermally treated activated carbon 215 

(ACTT). The carbon was weighted to determine the yield of the preparation process 216 

(weight % of activated carbon related to weight of raw material, in dry basis, η=42.4%), 217 

grinded and sieved to a particle size between 0.3-0.1 mm. 218 
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The porous structure was characterized by N2 adsorption-desorption at -196 ºC, and by 219 

CO2 adsorption at 0 ºC performed in ASAP 2020 equipment (Micromeritics). The 220 

sample was previously outgassed at room temperature for at least 8 hours. From the N2 221 

isotherm, the apparent surface area (ABET) was determined applying the BET equation 222 

[27]. The micropore volume (Vt) and the external surface area (At) were calculated using 223 

the t-method [28], [29] and [30] using a non-porous carbon black as standard. The 224 

narrow mesopore volume (Vmes) was determined by the difference between the adsorbed 225 

volume of N2 at a relative pressure of 0.995 and the micropore volume (Vt). From the 226 

CO2 adsorption data, the narrow micropore volume (VDR) and apparent surface area 227 

(ADR) were calculated using the Dubinin-Radushkevich equation [31]. The size, shape 228 

and texture of the ACTT particles were analyzed by scanning electron microscopy 229 

(SEM) in a JEOL JSM-840 instrument. Fig. 1 shows a micrograph of the ACTT. From 230 

these and similar micrographs, carbon particle size (average range after sieving) was 231 

estimated to be 185 ±5 µm. Therefore, a particle radius (Rp) of 92.5 µm and particle 232 

density (ρp) of 1.294 g cm-3 measured by water displacement have been used as input 233 

parameters for the mass balance equations. 234 

FIGURE 1 HERE 235 

Table 1 summarizes the surface properties of the activated carbon. High values for 236 

surfaces area, a balanced meso to microporosity ratio (Vmes/Vt) and a high development 237 

of wide microporosity (Vt>VDR) are obtained, which constitute valuable features in a 238 

diffusion-involved application as the liquid phase adsorption. 239 

The surface chemistry of the sample was analyzed by X-ray photoelectron spectroscopy 240 

(5700C model Physical Electronics) with Mg kα  radiation (1253.6 eV). The maximum 241 

of the C1s peak was set to 284.5 eV and used as reference for shifting the whole 242 
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spectrum. As can be seen in Table 1, the carbon used in this work presented surface 243 

phosphorus groups. The generation of surface phosphorus groups during H3PO4-244 

activation of biomass have been long proven by our research group, while their striking 245 

influence in the surface acidity, kinetic activity and oxidation resistance of the resulting 246 

activated carbons have been reported in the past [32] and [33]. A detailed study of XPS 247 

P2p region revealed that the thermal treatment produced a shift of the spectra to lower 248 

binding energies, which means that COPO3 groups were thermal reduced by the surface 249 

of the activated carbon to form lesser oxidized species, such as CPO3, C2PO2 and C3PO, 250 

decreasing the surface acidity [34] and [35]. Since some authors [36] have linked the 251 

paracetamol adsorption capacity with the acidity and the carbonization temperature in 252 

phosphorus-containing activated carbons, it is expected that the heat treatment would 253 

produce a lower acidity and polarity of the carbon surface, which will favour the 254 

paracetamol adsorption on the resulting ACTT. 255 

TABLE 1 HERE 256 

 257 

 258 

2.2. Adsorption equipment and procedures 259 

2.2.1. Batch adsorption. 260 

The experimental methods used for the equilibrium and the kinetic studies were the 261 

same reported in previous works [37] and [38]. Paracetamol (C8H9NO2 (99.5%) Sigma-262 

Aldrich, molecular weight: 151.2 g mol-1, melting point: 168-172ºC, solubility (20ºC): 263 

14 g L-1, pKa: 9.9) solutions were prepared with distilled water at different initial 264 

concentrations (1 – 20 mg L-1). For the equilibrium tests, samples of 100 mL and doses 265 
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of 10.0 mg of dry activated carbon were put inside glass flasks and contacted in an 266 

orbital incubator (Gallenkamp, model INR-250) at 200 rpm equivalent stirring rate for 267 

10 days. The adsorbate concentrations were determined by UV spectroscopy (λmax: 243 268 

nm) with an UV-Visible (Varian, Model Cary 1E) spectrophotometer. For the kinetic 269 

tests, paracetamol solutions (7 mg L-1) were put in contact with activated carbon and 270 

agitated for different times with adsorbent doses of 10.0 mg. The temperatures for the 271 

experiments varied between 15 ºC and 35 ºC. 272 

From the batch tests, the adsorption capacities at equilibrium, qe (mg g-1), were 273 

calculated as: 274 

�� = �� − ���                                                                                                                               (1) 275 

 276 

where C0 and Ce represent the initial and the equilibrium concentrations (mg L-1) of the 277 

adsorbate in solution, and w is the adsorbent dose (g L-1). 278 

The experimental data for paracetamol adsorption at the equilibrium were fit using the 279 

adsorption isotherm model of Langmuir: 280 

�� =  �
 · �
 · ��1 + �
 · ��                                                                                                                        (2) 281 

KL is the equilibrium constant (L mg-1), usually related to the enthalpy of adsorption, 282 

and qL is the equilibrium concentration of the adsorbate (mg g-1) on the solid phase 283 

corresponding to a complete coverage (adsorption capacity for a monolayer). 284 

The adsorbed amount of paracetamol, qt, in the kinetic tests was calculated as: 285 

�� = �� − ���                                                                                                                                (3) 286 
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where Ct (mg L-1) represents the adsorbate concentration in the aqueous phase at time t 287 

(min). 288 

The kinetic experimental results have been fitted by a hyperbolic equation previously 289 

used by us, [38] and [39], for smoothing the experimental curves, which will be helpful 290 

in avoiding noise during subsequent treatment of the experimental data: 291 

�� = � · �� · �1 + a · �                                                                                                                             (4) 292 

����� = � · ��(1 + � · �)�                                                                                                                     (5) 293 

where a and qm are empirical parameters related to the kinetic curve shape. qm 294 

represents the asymptotic qt value in the function at the set experimental conditions. 295 

Therefore, qt tended to qm at the maximum contact time in the kinetic test. 296 

 297 

2.2.2. Column adsorption. 298 

A diagram of the installation used in the adsorption study is showed in Fig. 2. The fixed 299 

bed adsorption tests were carried out in a thermostatized glass column (± 0.5 ºC), with 300 

internal diameter of 5mm and the length bed varied according to the amount of the 301 

activated carbon. A weighted amount of activated carbon was packed between two 302 

slices of inert quartz wool inside the column. The ability of the paracetamol to be 303 

adsorbed on the quartz fibers was discarded by a previous blank experiment with a 304 

quartz wool piece placed as adsorbent inside the column. Paracetamol solution was 305 

pumped downflow through the column at controlled flow rate using a peristaltic pump. 306 

The breakthrough curves were obtained by continuous monitoring of the effluent 307 

concentrations by UV spectrometry.  308 
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FIGURE 2 HERE 309 

Before the column test was started, water (6 mL min-1) was feed to the column for 20 310 

minutes in order to remove the trapped air and to wet the activated carbon porosity. To 311 

minimize axial dispersion effects, the bed-length to particle diameter ratio (Lb/Rp) was 312 

larger than 20 for all experiments [40]. Two different sets of experiments were carried 313 

out to separate the effects from the concentration, temperature, flow rate and bed length 314 

changes. First, four tests were conducted to study the influence of the flow rate (4 and 8 315 

mL min-1) and the bed length (170 and 230 mg of activated carbon) on the adsorption 316 

kinetics at the experimental conditions of the central point of the design (DEO) as 317 

proposed in Fig. 3, i.e. 5 mg L-1 and 25 ºC. 318 

FIGURE 3 HERE 319 

Second, a DEO experimental design was used for minimizing the number of 320 

experiments required to study the influence of the temperature and the concentration, as 321 

showed in Fig. 3, while the solution flow and the activated carbon amount were set at 6 322 

mL min-1 and 200 mg, respectively. 323 

 324 

3. Mathematical models for the mass transfer 325 

3.1. CP-LDF breakthrough process analysis 326 

The linear driving force model (LDF) [41] has been widely applied to model the 327 

breakthrough profiles in activated carbons adsorption beds for several pollutants [42], 328 

[43] and [44]. It contemplates that the mass transfer rate at a given point of the bed is 329 

proportional to the difference between the current concentration of the solute on the 330 

adsorbent at a local level and that corresponding when the equilibrium with the bulk 331 
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phase is achieved. Under certain conditions, it can be considered that the adsorption 332 

fronts follow a constant pattern (CP) behavior, i.e. the front shape is unmodified while it 333 

propagates through the adsorption bed. Explicit equations for the breakthrough front can 334 

be derived for this CP-LDF [45].The equation of the CP-LDF model and the Langmuir 335 

isotherm was given by LeVan [46] in dimensionless form: 336 

11 − �� Ln  1 − � �!"
#� �!" $� % + 1 = & − & · '                                                                               (6) 337 

where N is the number of transfer units, and T and RS are the throughput parameter and 338 

separation factor respectively, given by: 339 

& = )! *+ · , · �!- · �!                                                                                                                         (7) 340 

' = �!�! · 1*+ /- �, − 0+1                                                                                                              (8) 341 

�� = 11 + �
 · �!                                                                                                                         (9) 342 

 343 

in these equations Ci is the inlet concentration, qi is the equilibrium adsorbed amount at 344 

Ci from Langmuir equation, u is the superficial liquid velocity, z is the axial position in 345 

the bed, εb and ρb are the bed porosity and density, and t is the time. The intraparticle 346 

mass transfer coefficient, ki, is given by: 347 

)! = 15 · 4��5� · 0+1 − 0+                                                                                                                  (10) 348 
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where Rp is the radius of the particle and De is the effective intraparticle diffusion 349 

coefficient, which is experimentally determined using the Reichenberg equation 350 

(detailed in 4.2.2. section).  351 

The breakthrough curve equation obtained in working variables is: 352 

� = �7 − 1)!  1 + 11 − �� Ln 1 − � �!"
#� �!" $89%                                                                             (11) 353 

where the stoichiometric time, ts, is written as follows: 354 

�7 = : · �!; · �!                                                                                                                                   (12) 355 

being W the mass of the carbon and Q the volumetric flow rate.  356 

 357 

3.2. Mass balance analysis 358 

3.2.1. Physical assumptions. 359 

The use of two mass transfer resistance models for adsorption is generally accepted as 360 

the best choice for describing the adsorption process in activated carbons [47]. A model 361 

that considers external-film and diffusion mass-transfers beside axial dispersion along 362 

the bed length has been used in this work to calculate the breakthrough profiles under 363 

varying operation conditions. The following assumptions are made in the sake of 364 

providing an adequate description of the operation of the column: 365 

- Gradients in the concentration profiles of the adsorbate due to radial flow are 366 

accepted as negligible. They are excluded by a suitable design of the column 367 

(Rb>20 Rp). 368 
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- The process operates under isothermal conditions, being ensured by 369 

thermostatizing the column using a recirculate water bath. 370 

- The activated carbon particles are treated as spherical and homogeneous in size 371 

and density. 372 

- The axial velocity, vz (m s-1), is supposed to be constant and the occurrence of 373 

preferential paths is not considered. 374 

- Mass transport between the bulk phase and the solid particle is described by the 375 

external-film mass-transfer coefficient, kf (m s-1) [48]. 376 

- Intraparticle mass transfer mainly controlled by surface diffusion, represented by 377 

an effective diffusion coefficient De (m2 s-1). 378 

 379 

3.2.2. Fluid phase to external surface mass balance. 380 

After assuming the aforementioned hypothesis, a generalized differential equation for 381 

the mass balance of the solute which flows through a fixed bed adsorber can be drawn: 382 

<�+<� = −=> · <�+<, + 4> · <��+<,� − )? · 3�5 · (1 − 0+)0+ · @�+ − �5A                                       (13) 383 

in this equation Cb is the bulk adsorbate concentration in the water flowing through the 384 

bed, Cp is the concentration in the particle external surface, and Dz is the axial 385 

dispersion coefficient. The terms of Eq. (13) account the phenomenon for the transient, 386 

convective, axial dispersion and external mass transfer across the boundary layer 387 

between the bulk and the external surface of the adsorbent, respectively. 388 

The initial conditions and the boundary conditions at the both ends of the bed are: 389 

t=0; z=0; Cp=0; Cb=0 390 
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t=0; z>0; Cp=0 391 

t>0; z=0; 4> · <�+/<, = =>/0+ · (�+ − �!) 392 

t>0; z=Lb; <�+/<, CDECF = 0 393 

where Lb is the length of the fixed bed. 394 

The external mass transfer coefficient as well as the axial dispersion coefficient were 395 

calculated using the following correlation [49]: 396 

)? = 4G · @2 + 0.644 · �IJ �⁄ · LMJ N⁄ A · @1 + 1.5 · (1 − 0+)A2 · �5                                           (14) 397 

Being Re and Sc the Reynolds and Schmidt numbers, and Dl the molecular diffusivity 398 

for the solute (i.e., paracetamol in water 7·10-10 m2 s-1). 399 

�I = 2 · �5 · => · *GOG                                                                                                                    (15) 400 

LM = OG4G · *G                                                                                                                                  (16) 401 

4> = 4G = 1.326 · 10PQOGJ.JQ · R+�.STU                                                                                                           (17) 402 

where ρl (1000 kg m-3) and µl (0.00089 kg m-1 s-1) are the density and viscosity of the 403 

fluid through the column (for Eq (17) µl = 0.89 cP), and Vb (191 cm3 mol-1) is the molar 404 

volume of the solute at its normal boiling point. Vb has been calculated using the 405 

estimation formula proposed by Treybal [50]. 406 

 407 

3.2.3. Mass balance within the particles. 408 
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Since diffusion is considered to be predominant in the mass transfer through the 409 

micropore system of the activated carbon [47] and [51], the mass balance within a 410 

differential radial section of an adsorbent particle can be described by the following 411 

equation: 412 

05 · <�V<� = − 1W� · <(W� · &7)<W                                                                                                     (18) 413 

where εp is the particle porosity, qr the adsorbed concentration at the radial r position in 414 

the spherical particle. 415 

The diffusion molar flux Ns can be expressed according to the Fick’s law:  416 

&� = − /4� · <�X<W 1                                                                                                                   (19) 417 

As for the estimation of the effective diffusion coefficient, De, it has been detailed in the 418 

4.2.2. section. Finally, the required initial and boundary conditions are: 419 

t=0;  �V = 0 420 

t>0; r=0; <�V/< = 0 421 

t>0; r=Rp; &s = )? · @�+ − �5A 422 

In the approach proposed in this work, the surface concentrations profiles along the 423 

radius of the particle are averaged by means of the assumption of parabolic 424 

concentration profiles of the solute within the pores. This approximation has been found 425 

to be trustworthy when comparing these profiles with those obtained from the rigorous 426 

approach [52]. As a consequence of the parabolic concentration profile approximation, 427 

the mass balance equation can be simplified as follows: 428 
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&s = 5 · 4��5 · @�|D5 − ��A                                                                                                          (20) 429 

<��<� = − 15 · 4��5� · @�|D5 − ��A                                                                                                    (21) 430 

where �� represents the mean concentration of solute adsorbed in the adsorbent particle 431 

and �|D5 stands for the adsorbed concentration at the solid external surface which is in 432 

equilibrium with Cp. Last, the boundary condition at the external surface of the particle 433 

requires that the diffusion flow entering must be equal to the molar transfer rate through 434 

the liquid film around the particle: 435 

&s = 5 · 4��5 · @�|D5 − ��A = )? · @�+ − �5A                                                                          (22) 436 

This equation allows to establishing the Cp value. This is possible because the adsorbed 437 

concentration �|D5 may be related to the fluid phase concentration Cp in that same 438 

location, at r=Rp, by an adequate adsorption equilibrium isotherm. 439 

 440 

4. Results and discussion 441 

4.1. Adsorption equilibrium 442 

The equilibrium adsorption isotherms of paracetamol solutions at 15, 25 and 35 ºC are 443 

showed in Fig. 4. The isotherms resulted as type L of Giles classification [53] and the 444 

observed uptakes for low equilibrium PA concentration are close to the values reported 445 

for P-containing activated carbons prepared at 800º C [36] or activated carbons prepared 446 

by physical activation with CO2 [22]. However, it is important to note that the 447 

paracetamol adsorption have been studied in the present work using one order of 448 

magnitude lower than that used in the reported works. At higher paracetamol 449 
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concentrations, lateral interaction between adsorbed species and/or multilayer 450 

adsorption may enhance the adsorbed amount by the activated carbon [20]. 451 

In our case, the increase on adsorption temperature produces a decrease in the 452 

paracetamol adsorbed amount, which suggests the exothermic nature of the adsorption 453 

process. The Langmuir adsorption parameters were calculated using a non-linear 454 

regression fitting procedure. The values of KL, qL and r2 (determination coefficient) are 455 

showed in Table 2. 456 

 457 

FIGURE 4 HERE 458 

 459 

The free energy (ΔG), enthalpy (ΔH) and entropy (ΔS) changes were calculated by the 460 

following equations: the free energy change related to the equilibrium constant (Eq . 461 

23), the Van't Hoff’s (Eq. 24) for the enthalpy change, and the Gibbs-Helmholtz's (Eq. 462 

25) to estimate the entropy change. The values obtained are showed in Table 2. 463 

∆\ = −�' ln �
                                                                                                                        (23) 464 

<ln�
<' = ∆^� · '� ⇒ ln�
 = ln�
� − ∆^� · '                                                                             (24) 465 

∆L = ∆^ − ∆\'                                                                                                                           (25) 466 

 467 

in these equations, R is the gas constant (8.31 J mol-1 K-1), T is the absolute temperature 468 

(K), and KL0 is the pre-exponential factor, i.e., the value of KL when T tends to infinite. 469 
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The negative values of ΔG from Eq. (23) indicate the spontaneity of the adsorption 470 

process. The average molar values of ΔG are quite influenced by the temperature.  471 

TABLE 2 HERE 472 

The low negative value of the enthalpy from the slope in the linear regression of Eq. 473 

(24) confirms the exothermic nature of the adsorption process. However, there are some 474 

studies that report the paracetamol adsorption process on activated carbons being 475 

endothermic [20] and [22]. These discrepancies are accountable to the higher 476 

paracetamol concentration used in those studies (> 100 mg L-1), enabling the formation 477 

of dimers and micelles. When these agglomerations appear, the adsorption is favored as 478 

the temperature increases due to a lower amount of dimers in solution and an increased 479 

diffusion of the solution through the porosity of the activated carbon. This is not the 480 

case of the study showed in this paper, where the low concentrations do not favor the 481 

formation of dimers and micelles. Positive values of the adsorption entropy changes 482 

from Eq. (25) are coherent with a decrease of the freedom of the molecules in the fluid 483 

phase when they are adsorbed. 484 

4.2. Kinetic study 485 

4.2.1. Empirical model for the liquid phase adsorption. 486 

The kinetic results obtained at three temperatures are showed in Fig. 5. It is clear that 487 

the adsorption rate and yield increase with increasing the temperature. This is due to the 488 

enhancement of diffusion rate of the solute through the porous structure. It can be 489 

observed (plot inset in Fig. 5a) that qt-t curves for different temperatures intersect at 490 

long times, and the higher adsorption temperature is, the lower time to reach the 491 

equilibrium state is and the lower amount of paracetamol adsorbed in equilibrium is. 492 
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Table 3 compiles the fitting coefficients, whereas Fig. 5b presents the PA adsorption 493 

rate at different temperatures derived from Eq. (5). A sharp decrease in the adsorption 494 

rate is observed for the first minutes of contact time. This step corresponds to the 495 

surface coverage in the most available adsorption sites, probably on the more accessible 496 

and wider pores. A second adsorption stage runs for 3 h approximately with an 497 

intermediate decreasing rate. The last phase leads to the equilibrium concentrations, and 498 

could take extremely long times of contact time, in the range of several days. 499 

 500 

FIGURE 5 HERE 501 

 502 

 503 

4.2.2. Effective diffusion coefficients. 504 

The effective diffusion coefficient (De) can be obtained from the data of PA adsorption 505 

rate obtained in the batch study according to the procedure given by Reichenberg [54]: 506 

`(�) = ���� = 1 − 6a� b 1c� exp g− c�a��5� 4� · �hi
jkJ = 1 − 6a� b 1c� exp(−c� · l · �)             (26)i

jkJ  507 

where B is the time constant, 508 

l = 4� a� �5�m                                                                                                                            (27)  509 

and F(t) is the fractional uptake (qt/qe) at time t. By applying the Fourier transform and 510 

integration, Reichenberg obtained the following approximation for F(t) <0.85. 511 

l · � = #√a − oa − (a� · `(�)/3)$�                                                                                   (28) 512 

The values of the second member in Eq. (28), i.e. each observed value of F(t), may be 513 

plotted vs t to distinguish between adsorption controlled by external or internal 514 
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diffusion. If it is linear and passes through the origin, then the adsorption rate is 515 

controlled by the diffusion within the particles. Otherwise, the adsorption may be also 516 

goberned by the film diffusion considered as a external mass transfer. The results are 517 

summarized in Table 3. The B·t plots for each adsorption temperature are shown in Fig. 518 

6. The linearity of the plots (r2 > 0.976) and the almost zero value of Y-intercept 519 

indicate that the mass-transfer process is controlled by the internal diffusion. From the 520 

slope of the slope of the B·t plot, effictive diffusion coeficients have been obtained at 521 

15, 25 and 35º C. They have been termed heretofore as homogeneous diffusion 522 

coefficients, in clear contrast to those obtained considering that the difussion coefficient 523 

varies with the surface coverage of PA, which are referred as heterogeneous diffusion 524 

conefficients. The relationship between heterogeneous De and surface coverage has 525 

been reflected by using the Vermeulen equation [55]: 526 

 527 

FIGURE 6 HERE 528 

 529 

���� = p1 − exp g−4�a���5� hq�.S                                                                                                  (29) 530 

4� = −�5�a�� Ln p1 − /����1�q                                                                                                     (30) 531 

The hyperbolic Eq (4) has been used for the estimation of qt. Eq (4) and (30) have been 532 

employed for establishing the relationship between the diffusion coefficient and the 533 

surface coverage, i.e. the adsorbed amount of paracetamol. First, De for each t is 534 

estimated from (30), then, the obtained data were fitted to an exponential empirical 535 

equation: 536 
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4� = r · exp # M� + �$                                                                                                                (31) 537 

b, c, and d are empirical parameters. The hyperbolic Eq (4) can be combined with (31) 538 

in order to obtain an expression which relates the diffusion coefficient with qt: 539 

4� = r · exp s M#��� $ (�� − ��)" + �t                                                                                    (32) 540 

The fitting of De vs qt was conducted using contact times higher than 200 min to avoid 541 

the underestimation of De at low contact times, where the wetting process of the initially 542 

dry micropores hinders the mass transfer of the adsorbate through the particle. Table 3 543 

compiles the resulting fitting coefficients. 544 

FIGURE 7 HERE 545 

Fig. 7 presents the relationship between the effective diffusion coefficient and the 546 

adsorbed amount of paracetamol (i.e. PA surface coverage) for a given initial 547 

concentration (7 mg L-1) and different temperatures. As expected the calculated curves 548 

corroborate that an increase in the temperature of the batch adsorption experiment are 549 

answered by an overall increase in the value of the diffusion coefficients. As for the 550 

dependence of diffusion with the adsorbed amount of PA, De values decrease with the 551 

surface coverage (or time) due to the depletion of the available free adsorption sites that 552 

are necessary to allocate the adsorbed PA molecules that are diffusing over the surface. 553 

This decrease of the diffusion coefficient can also be explained in terms of the wide 554 

pore structure distribution of the pore network and the heterogeneity of the surface 555 

chemistry of the activated carbon, which will render not only different energies of 556 

interaction between the adsorbate and the adsorbent depending on the surface coverage 557 

of PA over the carbon surface, but also a different mobility of the adsorbed PA 558 
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molecule on the pore network,. Thus, as the adsorption phenomenon proceeds (long 559 

times), paracetamol will be adsorbed first in the more energetically favorable and 560 

accessible adsorption sites at a fast rate. When the most favored sites are fully covered 561 

by PA, the mass transport becomes progressively controlled by a slower diffusion of the 562 

paracetamol into the less energetically favorable and isolated adsorption sites. 563 

TABLE 3 HERE 564 

 565 

 566 

4.3. Column adsorption studies 567 

Fig. 8 presents a scheme of a breakthrough curve for paracetamol adsorption on ACTT, 568 

where the procedure followed for the calculation of the breakthrough curve by solving 569 

the mass balance to the fixed-bed adsorber is also detailed. The mathematical calculus 570 

was carried out applying the finite differences method with 75 points to the length 571 

variable (z) in Eq. (13) of the mass balance for the fixed-bed adsorber. For each i point, 572 

first Cpi is determined from Eq (22), then <�uv /<� is estimated from Eq (21) using Cpi, 573 

the Langmuir constants and the heterogeneous diffusion coefficient determined from 574 

batch adsorption experiments and Eq (2) and (32). Third, since Eq (13) have been 575 

discretized in the z variable following the finite differences method [56], <�rw/<� can 576 

be calculated by evaluation of the convective and dispersive flows from the i-1 point 577 

and dispersive flow from the i+1  point, the convective flow from i to the i+1  point, and 578 

the flow through the stationary liquid film over the carbon particle, which is estimated 579 

using the freshly determined value of Cpi. The proper boundary conditions are 580 

considered in the case of 1st and 75th point. Finally, a 4th order Runge-Kutta method is 581 

used for solving in time <�uv /<� and <�rw/<� for the 75 points. The Cb value at the 75th 582 
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point, the one localized at the end of the fixed bed, is stored and used for obtaining the 583 

breakthrough profile.  584 

It is important to note that the kinetic and equilibrium adsorption parameters obtained in 585 

batch system, i.e. adsorption isotherm constants and the effective diffusion coefficient, 586 

have been used for solving the mass balance equations that allow the prediction of the 587 

breakthrough profile. Note that the solution of these equations allows the determination 588 

of the time for the breakthrough appearance or bed service time (BST), which is 589 

stablished as the time at what the outlet concentration reach the C/Ci = 0.05 value, and 590 

the shape of the breakthrough profile, which is related to the height of the mass transfer 591 

zone (HMTZ). These are actually critical parameters for determining the operation and 592 

the dynamic response of an activated carbon when used as adsorbent for an adsorption 593 

bed that cannot be directly determined from batch adsorption experiments. In simple 594 

terms, the breakthrough time is proportional to the capacity of the adsorbent, while 595 

inversely related to the HMTZ value. For a given inlet concentration, the adsorption 596 

capacity of the adsorbent can be determined if its adsorption isotherm is established. 597 

Contrariwise, the height of mass transfer zone does not keep a direct relationship to any 598 

specific kinetic parameter, and it results from the interaction between the 599 

hydrodynamics of the experimental set-up and the surface properties (surface chemistry, 600 

pore structure) of the adsorbent [57]. Since breakthrough time and therefore bed service 601 

time are dependent on both HMTZ and adsorption capacity, and there is no direct 602 

relationship between HMTZ and the kinetic and thermodynamic batch adsorption 603 

parameters, the numerical solving of the mass balance equations detailed here is 604 

proposed for predicting them. 605 

FIGURE 8 HERE 606 
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The validity of some of the assumptions made in section 3.2.1 have been checked by 607 

analyzing the dimensionless numbers that dictate the dominating processes during the 608 

operation of the fixed bed adsorber. Table 4 compiles the experimental values of the 609 

adsorbent and the bed that have been used for this purpose, along with the values of the 610 

mentioned dimensionless numbers concerned. The Reynolds values (Re) between 0.97 611 

and 1.96 indicate that a laminar flow regime is governing in the fixed bed, and that 612 

liquid flow through the column is meanly produced by convection, hence the Schmidt 613 

number (Sc) was higher than 12.71 for all the column experiments. The high values of 614 

Peclet number (Pe), between 1931 and 3778, as well as the low axial dispersion 615 

coefficient (7·10-10 m2 s-1, estimated from equation (17)) suggest that the influence of 616 

this phenomenon on the column behavior is negligible. Values of the Biot number (Bi) 617 

and the mass transfer coefficient (kf) are also high, pointing out the absence of limited 618 

mass transfer through the stationary layer of liquid around the particles of the adsorbent. 619 

 620 

TABLE 4 HERE 621 

 622 

Fig. 9 to 12 show the breakthrough profiles obtained for the paracetamol adsorption in 623 

the activated carbon fixed-bed under different operating conditions. All the 624 

experimental breakthrough curves follow the typical S-shaped curve for column 625 

operation with favorable adsorption isotherms [58]. In all the curves, the experimental 626 

data are identified by symbols, whereas the breakthrough curves calculated by CP-LDF 627 

are plotted using discontinuous line and those obtained from the solution of the 628 

numerical model with heterogeneous diffusion coefficient proposed in this work have 629 

been represented by continuous lines. The profiles are reported in terms of treated 630 
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volume for easing the comparison among results obtained using different experimental 631 

conditions (flow rate, inlet concentration, temperature…). It can be observed in Fig. 9-632 

12 how the thermodynamic and kinetic parameters obtained in stirred tank and then 633 

introduced in the numerical solution proposed in this work for the mass balance to the 634 

fixed-bed adsorber can satisfactorily explain the experimental curves when the 635 

heterogeneous effective diffusion coefficient approach is considered. In contrast, CP-636 

LDF could not provide an accurate description of the breakthrough profile. The reasons 637 

will be discussed in detail above. 638 

 639 

4.3.1. Effect of the flow rate. 640 

The experiments displayed in Fig. 9 were conducted at variable flow rates to establish 641 

the possible influence of mass transfer in the film of stationary liquid that surrounds the 642 

particle. The rest of the experimental conditions were those used for the central point, 643 

i.e. 25 ºC, 5 mg L-1 of paracetamol at the column inlet and 200 mg of activated carbon. 644 

It was found that the variation of the flow rate has a negligible impact on the shape of 645 

the breakthrough curves, confirming the absence of external mass transfer control, as 646 

predicted from the Biot numbers in Table 4. This finding was further corroborated by 647 

simply solving the mass balance to the fixed bed and the carbon particle proposed in 648 

3.2.2. and 3.2.3. sections while removing the consideration of external mass transfer 649 

(thus, Cp = Cb). The obtained profile was identical to that obtained when the mass 650 

balance was solved upon consideration of external mass transfer in the liquid film. 651 

 652 

FIGURE 9 HERE 653 
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 654 

4.3.2. Effect of the amount of activated carbon. 655 

The effect of axial dispersion was analyzed by carrying out experiments at 25 ºC, PA 656 

concentration of 5 mg L-1, flow rate of 6 mL min-1 and different bed lengths (2.6-3.2 657 

cm). As observed in Fig. 10, the breakthrough time is affected by the amount of 658 

activated carbon. The behavior of the breakthrough profile at different lengths, which 659 

shows a similar shape no matter the chosen bed length, leads to the conclusion that it 660 

does not exist any back mixing or axial dispersion problem in the column. This assert is 661 

in accordance with that drawn from the high values of the Peclet number showed in 662 

Table 4, and was again confirmed by the absence of any relevant difference when the 663 

mass balance in 3.2.2 was solved without including the axial dispersion term. Therefore, 664 

and under the operating conditions selected for this work, the mass balance to the small 665 

column can be solved without considering axial dispersion and external mass transfer 666 

control, and consequently the numerical solution can be simplified reflecting these 667 

conclusions. Note that, under such conditions, the CP-LDF can theoretically be used for 668 

describing the behavior of the fixed-bed adsorber [41]. Nevertheless, by following the 669 

approach proposed in this work the breakthrough profiles have been modeled obtaining 670 

a much higher accuracy in the description of the experimental curves, as can be seen 671 

along Fig. 9 to 12. 672 

 673 

FIGURE 10 HERE 674 

 675 

 676 
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4.3.3. Effect of adsorption temperature and PA concentration. 677 

Fig. 11a shows the breakthrough curves for the PA adsorption at different temperatures, 678 

in all cases the inlet concentration was kept at 5 mg L-1, the flow rate at 6 mL min-1 and 679 

a bed of 200 mg of activated carbon was used. It can be seen that the breakthrough time 680 

(C/Ci ≈ 0.05) decreased when temperature increases, while the saturation times (C/Ci≈ 681 

0.95) were higher for those runs performed at lower temperature, and the height of the 682 

mass transfer zone decreased a 20% when raising the temperature from 15 to 35º C. 683 

These modifications are reflecting the higher values for the diffusion coefficients and 684 

the lower paracetamol adsorption capacities at higher temperatures that were already 685 

found in the batch study. 686 

The effect of the inlet concentration of paracetamol on the breakthrough profiles has 687 

also been analyzed and featured in Fig. 11b. Again, the expected behavior is found 688 

when concentration decreases, finding a great increase the breakthrough time, a lower 689 

adsorption capacity and similar value of HMTZ. For all the experimental conditions 690 

tested in this work, the worse profile simulation was found for the experiment 691 

conducted at Ci = 3 mg L-1. The main reason of the inaccurate prediction of the 692 

breakthrough time seems to be the increase of the uncertainty in the determination of the 693 

adsorption capacity of the ACTT at low concentrations of PA from the batch study. 694 

FIGURE 11 HERE 695 

Finally, in order to be useful an adsorption model for fixed-bed adsorbers should be able 696 

to truthfully predict the breakthrough behavior at different conditions than those used 697 

for the estimation of the adsorption parameters. In this sense, Fig. 12 shows the 698 

breakthrough curves at 18 and 32 ºC, respectively, using 6 mL min-1, 200 mg of 699 

activated carbon and 4 and 6 mg L-1 of paracetamol. Since the thermodynamic and 700 



34 

 

kinetic studies were carried out at 15, 25 and 35 ºC, the thermodynamic and kinetic 701 

adsorption parameters values fed to the models were estimated using a linear 702 

interpolation method. A good concordance was found with the mathematical solution of 703 

the mass balance and the qt-dependent De, while CP-LDF failed to reproduce the bed 704 

behavior. It has been found once more that the curves for the higher concentration at the 705 

inlet are better described than those obtained using low concentration of paracetamol, 706 

highlighting the reliance of the accuracy of the proposed model in a precise 707 

determination of the adsorption isotherm during the batch study.  708 

FIGURE 12 HERE 709 

 710 

4.3.4. Design parameters and models comparison. 711 

Table 5 presents the experimental values of adsorbed paracetamol amount (qexp) as well 712 

as the BST and HMTZ obtained for all the tested operational conditions. It can be seen 713 

that the adsorbed amounts ranged between 68 and 89 mg of PA per gram of activated 714 

carbon, while the low values of the HMTZ results in an actual use of 60 to 80% of the 715 

available paracetamol remediation capacity before the PA outlet concentration reached 716 

the selected limit. As for the calculus of the design parameters, there are only few 717 

samples in the literature about using the adsorption parameters obtained from the batch 718 

studies in order to estimate the fixed bed behavior [51 o 59] of an adsorbent. In this 719 

study, the CP-LDF and the numerical solution of the mass balances have been 720 

employed for that purpose, and the resulting breakthrough profiles for each model have 721 

been shown along with the experimental data in Fig.s 9 - 12. Table 5 compiles the 722 

estimated design parameters for every tested operation conditions. It can be seen that the 723 

paracetamol adsorptivities calculated using the mass balance procedure are very close to 724 
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those obtained from the experimental breakthrough profiles. Similarly, HMTZ and BST 725 

are accurately predicted for all the tested experimental conditions. Furthermore, the high 726 

values of r2 indicate that the proposed model can reproduce fairly well not only BST 727 

and HMTZ, but also most of the experimental breakthrough profile. Inversely, the CP-728 

LDF model cannot be used for a satisfactory determination of the operation behavior of 729 

the fixed bed adsorbed. The lack of accuracy undeniably relies on the approach adopted 730 

for estimating the diffusivity, since CP-LDF cannot reflect the dependence of the 731 

diffusivity coefficient with adsorbed amount that is known to be not necessarily 732 

constant in rapid small-scale column tests [18], especially in the case of the highly 733 

heterogeneous pore structure of activated carbons. 734 

TABLE 5 HERE 735 

5. Conclusions 736 

Activated carbon has been prepared by chemical activation of olive stones with 737 

phosphoric acid, obtaining a porous carbon material with a well-developed porous 738 

structure and specific surfaces area close to 1000 m2 g-1. Adsorption of paracetamol (a 739 

model emerging pollutant) at low concentration (0.3 to 10 mg L-1) and mild 740 

temperatures (from 15 to 35º C) has been studied using discontinuous (batch) and flow 741 

column adsorption experiments. The adsorption isotherm is well described using the 742 

Langmuir model, showing adsorption capacities of ca. 100 mg g-1 at 9 mg L-1, a value 743 

that is only slightly influenced by temperature. Kinetic studies in discontinuous batch 744 

experiments have been used for the estimation of effective homogeneous and 745 

heterogeneous diffusion coefficients. In the latter case, an empirical equation has been 746 

drawn to relate the heterogeneous diffusion coefficient with the surface coverage of 747 

paracetamol. The effectiveness of the H3PO4-activated carbon for paracetamol removal 748 

has also been studied using rapid small-scale column experiments. The activated carbon 749 
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showed high bed service times and reduced heights of the mass transfer zone due to the 750 

favorable adsorption of paracetamol on its surface. The effects of operational variables 751 

(temperature, flow rates, fixed-bed length and inlet concentration) have been analyzed 752 

using a design of experiments.  753 

The most important finding in this work was the possibility of accurately modeling the 754 

breakthrough behavior of the fixed-bed adsorber by using the kinetic and 755 

thermodynamic parameters obtained from the batch experiments. Inappropriate 756 

handling of the data obtained from the batch experiments and the use of simplified 757 

models that considers a constant diffusion coefficient like CP-LDF do not allow a 758 

trustworthy prediction of the design parameters of the column, like BST or HTMZ. In 759 

contrast, by using the adequate experimental and boundary conditions, mathematical 760 

tools, model considerations and a diffusion coefficient related to the surface coverage of 761 

the pollutant, it is possible to attain from simple batch experiments a precise knowledge 762 

of the performance of a given adsorbent in column adsorption, which allows an accurate 763 

prediction of the breakthrough profile, BST and HMTZ. 764 
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Table 1. Physico-chemical properties of ACTT. 

Structural properties  Surface composition (XPS) 
ABET 

(m2 g-1) 
At 

(m2 g-1) 
Vp 

(cm3 g-1) 
Vmes 

(cm3 g-1) 
Vt 

(cm3 g-1) 
VDR 

(cm3 g-1) 
ADR 

(m2 g-1) 
C 

(%w)  

O 
(%w)  

P 
(%w)  

N 
(%w)  

990 280 0.91 0.43 0.36 0.22 550 85.1 8.8 5.7 0.4 

 

 

 

 

 

 

 

 



Table 2. Parameters obtained from equilibrium / thermodynamics study 

Temperatures 

(ºC) 

Langmuir isotherm parameters Thermodynamic parameters 

qL 

(mg g-1) 

KL 

(L mg-1) 
r2 

ΔG 

(kJ mol-1) 

ΔH 

(kJ mol-1) 

KL0 

(L mg-1) 
r2 

ΔS 

(J mol-1 K -1) 

15 

25 

35 

108.3 

98.4 

92.8 

1.33 

1.13 

0.83 

0.978 

0.982 

0.984 

-29.2 

-29.9 

-30.1 

-17.3 9.856·10-7 0.962 

41.3 

42.3 

41.5 

 

 

 

 

 

 



Table 3. Parameters obtained from the kinetic study 

Temperature (ºC) 15 25 35 

Hyperbolic equation 

a (s-1) 5.53·10-5 8.59·10-5 1.69·10-4 

qm (mg g-1) 59.83 57.85 53.16 

qe (mg g-1) 57.61 55.89 53.05 

r2 0.9907 0.9910 0.9887 

Homogeneous diffusion coefficient 

De (m2 s-1) 1.6·10-14 2.5·10-14 4.0·10-14 

Heterogeneous diffusion coefficient 

b (m2 s-1) 1.18·10-15 1.55·10-15 2.32·10-15 

c (s) 387 298 202 

d (s) 145 106 67 

r2 0.9995 0.9993 0.9983 

    

 

 

 

 

 



Table 4. Operation variables for the adsorption column process. 

T 

(ºC) 

W 

(mg) 

Q 

(mL min-1) 

Ci 

(mg L-1) 

Lb 

(cm) 
εb Re Sc Pe Bi 

kf x103 

(m s-1) 

15 200 6 4.9 2.9 0.729 1.45 12.71 2896 858 2.03 

18 200 6 3.9 2.8 0.719 1.47 12.71 2834 760 2.06 

18 200 6 5.8 2.9 0.729 1.45 12.71 2896 1026 2.03 

25 200 6 6.7 2.9 0.729 1.45 12.71 2896 1254 2.03 

25 200 6 4.9 2.8 0.719 1.47 12.71 2834 997 2.06 

25 200 6 2.9 2.9 0.729 1.45 12.71 2896 690 2.03 

25 200 4 4.9 2.8 0.729 0.97 12.71 1931 896 1.85 

25 200 8 4.8 2.8 0.719 1.96 12.71 3778 1054 2.21 

25 170 6 4.9 2.6 0.743 1.43 12.71 2547 961 1.99 

25 230 6 4.9 3.1 0.708 1.50 12.71 3186 1012 2.09 

32 200 6 3.9 2.9 0.729 1.45 12.71 2896 940 2.03 

32 200 6 5.9 2.9 0.729 1.45 12.71 2896 1237 2.03 

35 200 6 4.9 2.9 0.729 1.45 12.71 2896 1142 2.03 

 

 



Table 5. Experimental and design parameters for breakthrough curves. 

T 

(ºC) 

W  

(mg) 

Q 

(mL min-1) 

Ci 

(mg L-1) 

EXPERIMENTAL MASS BALANCE CP-LDF 

qexp
*  

(mg g-1) 

BST 

(min) 

HMTZ 

(cm) 

qcal
*  

(mg g-1) 

BST 

(min) 

HMTZ 

(cm) 
r2 

qcal
*  

(mg g-1) 

BST 

(min) 

HMTZ 

(cm) 
r2 

15 200 6 4.9 87.3 365 1.14 90.2 348 1.33 0.9952 92.2 327 1.69 0.9874 

18 200 6 3.9 79.1 460 0.93 83.1 420 1.23 0.9638 85.9 433 1.46 0.9967 

18 200 6 5.8 86.0 311 1.09 89.4 302 1.24 0.9868 90.6 271 1.70 0.9937 

25 200 6 6.7 88.4 278 1.03 83.9 262 1.14 0.9965 85.5 238 1.55 0.9543 

25 200 6 4.9 81.1 353 1.02 80.3 338 1.11 0.9981 82.4 335 1.38 0.9766 

25 200 6 2.9 69.8 555 0.91 72.7 490 1.24 0.9790 74.6 600 1.16 0.9981 

25 200 4 4.9 77.1 632 0.62 80.8 605 0.78 0.9304 82.3 650 0.89 0.9950 

25 200 8 4.8 78.7 245 1.15 79.7 210 1.44 0.9989 81.6 207 1.80 0.9912 

25 170 6 4.9 84.5 293 1.03 80.0 260 1.20 0.9998 82.1 283 1.32 0.9949 

25 230 6 4.9 81.4 444 0.94 80.5 419 1.09 0.9980 82.3 416 1.39 09935 

32 200 6 3.9 67.8 427 0.74 71.7 407 0.99 0.9809 72.5 450 1.05 0.9954 

32 200 6 5.9 77.3 269 1.10 77.2 262 1.14 0.9861 78.1 298 1.19 0.9846 

35 200 6 4.9 70.5 292 0.92 72.0 338 0.95 0.9899 73.7 361 1.07 0.9961 

*adsorption capacities (qcal, qcal) have been calculated to relative concentration of C/Ci = 0.95 




























