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1. Introduction 4 

Chromium is a common contaminant in surface and ground waters that is mainly originated from 5 

electroplating, leather tanning, and textile industries processes (Jobby et al., 2018; Markiewicz et 6 

al., 2015; Wang et al., 2019). Trivalent, Cr(III), and hexavalent, Cr(VI), oxidation states are the two 7 

main valence states found in polluted water (Miretzky and Cirelli, 2010; Sarin et al., 2006). Cr(VI) 8 

is hundreds of times more toxic than Cr(III) and it may cause carcinogenesis, mutation or 9 

teratogenesis to living organisms (Nath and Kumar, 1988; Sterritt and Lester, 1984). This is the 10 

reason why Cr(VI) has been identified as a top-priority hazardous pollutant to be addressed in water 11 

remediation (Pellerin and Booker, 2000). Therefore, it is of great significance to develop cost-12 

effective and eco-friendly techniques to remove Cr from industrial wastewater before being released 13 

to the environment.   14 

Numerous physical and chemical separation techniques are being used to remove heavy metals, 15 

such as solvent extraction, ion-exchange, adsorption, membrane filtration, electrochemical 16 

treatment technologies (Demirbas, 2008; GracePavithra et al., 2019; Pradhan et al., 2017; Wan Ngah 17 

and Hanafiah, 2008). Among the conventional techniques for removing pollutants from water, 18 

adsorption methods are considered to be the most advantageous due to their high efficiency, low 19 

cost and ease handling (Inyang et al., 2012; Tan et al., 2015). For instance, lignocellulosic residues 20 

(including wood and agricultural residues), due to the higher amount of functional groups (e.g. 21 

carboxyl) on the surface, have proven to be cost-effective adsorbents for removing Cr (Gode et al., 22 

2008; Miretzky and Cirelli, 2010; Zhao et al., 2019). In addition, there are currently a large amount 23 

of wood biomass residues that have no market value and often become an environmental problem 24 
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if not disposed properly. In addition, biochar materials obtained after pyrolyzing biomass are also 25 

interesting sorbent materials due to their high surface area and high adsorption capacity for heavy 26 

metals. The greater concentration of mineral elements (K, Ca, Mg, P) in the in biochar respect to 27 

the original biomass, mainly due to the formation of biomass ash during pyrolysis, can promote 28 

adsorption of Cr3+ via cation exchange (Bagreev et al., 2001; Hossain et al., 2011; Sun et al., 2014; 29 

Zhao et al., 2017). Hence, the use of wood biomass and biochar derivatives as sorbents for water 30 

remediation have emerged as ideal solution for achieving a valorization of these forestry and 31 

industrial residues (Álvarez-Álvarez et al., 2018; Braghiroli and Passarini, 2020) and biochars 32 

byproducts obtained from the energy-related applications (Heredia Salgado et al., 2020; Littlejohns 33 

et al., 2020). On the other hand, metal oxides and metal oxide nanoparticles have been extensively 34 

used for heavy metal adsorption (Ray and Shipley, 2015). Among them, TiO2 has exhibited high 35 

adsorption for Cr (Weng et al., 1997), good regenerative potential (Hu and Shipley, 2013) and 36 

outstanding photocatalytic properties under UV/Vis light that have been applied for Cr(VI) 37 

reduction (Wang et al., 2004). Thus, loading TiO2 particles into cost-effective porous biosorbents 38 

used as a support is an approach that can prevent the particle aggregation occurring when the 39 

particles are suspended in liquid media. This is expected to improve the adsorption capabilities of 40 

the initial material. 41 

In this work, we have studied the Cr adsorption on pine wood biomass (Pine) since it is a very 42 

abundant waste, and on two derived materials which are biochar obtained by gasification pyrolysis 43 

(PG) and pine loaded with TiO2 (Pine/TiO2). The main objective of this work is to understand the 44 

adsorption capabilities of each chromium species, Cr(III) and Cr(VI), by each sorbent material. In 45 

order to get a better understanding of the nature of the interactions between Cr and the sorbent 46 
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materials at molecular level, X-ray absorption spectroscopy (XAS) has been used to study the 47 

chemical environment around the adsorbed Cr atoms. 48 

 49 

2. Materials and Methods 50 

2.1 Chemical and reagents 51 

All the chemicals used were analytical grade. A 1000 mg/L concentration of stock aqueous 52 

solution was prepared for Cr(III) and Cr(VI) species by dissolving the appropriated amounts of 53 

chromium nitrate nonahydrate, Cr(NO3)3·9H2O, and potassium dichromate, K2Cr2O7, respectively, 54 

in acidic media, pH 1.0 (with 0.1 M of HNO3). Both reagents had a purity of 99% and were obtained 55 

from Panreac (Barcelona, Spain). Ethanol (C2H6O, 97% v/v), nitric acid (HNO3, 65% v/v) and 56 

hydrochloric acid (HCl, 37% v/v) all were purchased from Panreac. Titanium(IV) butoxide 57 

(C16H36O4Ti, 97% v/v) was obtained from Sigma-Aldrich (St. Louis, USA). 58 

2.2 Sorbent materials description and synthesis  59 

Pine, Pine/TiO2 and PG materials were selected as sorbent materials for Cr removal from aqueous 60 

solutions following the motivation described in the Introduction section. Pine biomass and PG 61 

biochar were kindly provided by the Centre for Research on Ecology and Forestry Applications 62 

(CREAF, Barcelona, Spain). As has been previously reported (Marks et al., 2016, 2014), PG biochar 63 

was obtained from Pine (Pinus pinaster and Pinus radiata) biomass wood chip from an industrial 64 

gasification reactor. Production conditions at the facility ranged from 600 to 900 oC with an 65 

approximate holding time of 10 s (Marks et al., 2016, 2014). By weight, the gasifier biochar’s 66 

particle sizes were largely in the 500–2000 mm (42%) and 50–100 mm (28%) fractions. The high 67 

production temperature promoted the relatively high ash content (for a wood biochar) 10.8±0.3% 68 
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and a carbon content of 79±1%. 69 

Pine/TiO2 was prepared following the synthesis described by Kim and Kan (2016) modified from 70 

the synthesis initially described by Wang et al. (2008). Pine was washed with deionized water and 71 

dried in an oven at 75 oC for 24 h. After that, 5 g of this pre-treated pine were suspended in nitric 72 

acid (65%) at pH 3.0 for 4 days as a conditioning procedure. This is necessary to ensure that the 73 

functional groups of the carboxylic acid are in their protonated form to favor the heavy metal 74 

adsorption process at pH 4.0. The acid conditioned Pine was filtrated from the acid solution and 75 

washed with deionized water multiple times until neutral pH of the water was obtained. Then the 76 

material was dried in an oven at 75 oC for 24 h. The second stage comprise the synthesis of TiO2 on 77 

the Pine surface by sol-gel method. For that, 5.0 g acid treated Pine was dispersed in 120 ml ethanol 78 

(97% v/v) followed by addition of 40 ml titanium(IV) butoxide (97%) used as TiO2 precursor. The 79 

mixture was stirred at ambient temperature for 1 h before adding a solution containing 16 ml of HCl 80 

37% (v/v) and 40 ml ethanol (97% v/v) with constant stirring for 1 h more. The resultant material, 81 

Pine/TiO2, was filtered and washed with ethanol (97% v/v) before drying it at 70 oC for 24 h. The 82 

sample was milled and further dried at 325 oC for 1 h in a muffle. 83 

Both Pine and PG were also milled to achieve a comparable particle size (~10-100 µm) in order 84 

to keep as similar as possible the experiment conditions for all sorbents. 85 

2.3 Characterization of materials  86 

The morphology of the sorbents was analyzed by scanning electron microscopy (SEM) at Servei 87 

de Microscòpia of UAB (Barcelona, Spain) using a SEM ZEISS MERLIN. X-ray diffraction 88 

measurements were performed on Pine/TiO2 samples to characterize the phase of the TiO2 particles 89 

using an X-Pert Philips diffractometer (results and further details can be found in supplementary 90 
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information). BET technique (Micrometrics, TriStar II 3020, USA) was used to characterize the 91 

surface area and porosity. Prior to the mesoporous measurements, samples were heated at 200 °C 92 

for 4 h under vacuum. Zeta potential was used to analyze the surface charge of bio-sorbents 93 

(Malvern, ZEN 3600, USA). For the measurements, 100 mg of sample was mixed with 100 ml of 94 

water and the mixture was ultrasonicated for 10 minutes. pH was adjusted to 4.0 using HCl and 95 

NaOH. Triplicate measurements were performed, and each sample was measured 3 times to analyze 96 

the zeta potential values. BET and zeta potential measurements were performed at the Oil Crops 97 

Research Institute, OCRI (Wuhan, China). Attenuated total reflectance Fourier transform infrared 98 

(ATR-FTIR) spectroscopy was performed to identify the functional groups present in the adsorbents. 99 

FTIR was measured with an ATR-FTIR, Tensor 27 (Bruker) at Servei d’Anàlisi de Química of UAB 100 

(Barcelona, Spain) in the wavenumber range of 600 to 4000 cm-1 averaging 16 scans of 4.0 cm-1 101 

resolution. The pH of the solid sorbents was determined as follows, 20 mg of sorbent was added to 102 

1 ml of deionized water (1:50 ratio) and agitated vertically at 25 rpm over 24h. Then, the pH was 103 

measured immediately (Marks et al., 2014). This procedure was done three times and the mean 104 

value is reported. 105 

2.4 Batch adsorption experiments 106 

Adsorption experiments were carried out at room temperature (251 °C). Cr(III) and Cr(VI) 107 

solutions were prepared from 1000 mg/L initial stock solutions of each chromium species. The 108 

concentrations used ranged from 0 to 300 mg/L to consider chromium levels relevant for wastewater 109 

treatment applications (Wang et al., 2019). The pH was initially adjusted to pH 4.0 to avoid 110 

precipitation of Cr(III) as Cr(OH)3 which occurs at higher pH. The study of the effect of the initial 111 

concentration on the adsorption capacity provides a significant understanding of both Cr metal ion 112 
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species during the adsorption process. Batch experiments were performed by mixing 25 mg of 113 

adsorbent and 2.5 ml of heavy metal aqueous solutions in 5 ml tubes. The tubes were then placed in 114 

a rotary mixer (CE 2000 ABT-4, SBS Instruments SA, Barcelona, Spain) and shaken at 25 rpm. 115 

From the contact time adsorption experiments, it was determined that the equilibrium was reached 116 

after 1h (see Figure S1 in the supporting information). For shake of simplicity and in order to 117 

compare with other materials, the adsorption experiments run over 24h. The sorbent phase was 118 

separated by filtration through 0.22 μm Millipore filters (Millex-GS, Millipore). The total 119 

concentration of chromium in the supernatant phase was analyzed by ICP-MS (XSERIES 2 ICP-120 

MS, Thermo Scientific, USA). The concentration of Cr(VI) was determined by the colorimetric 121 

method based on 1,5-diphenylcarbazide (DPC) dye (Lace et al., 2019). The solution of 1,5-122 

diphenylcarbazide was prepared by dissolving 250 mg of DPC 98% (Sigma Aldrich, Barcelona, 123 

Spain) in 50 mL acetone. The pH was adjusted to 2.0 adding the appropriated amount of phosphoric 124 

acid 85% v/v (Panreac, Barcelona, Spain). 50 µL of the prepared acid DPC solution were added to 125 

50 µL of sample solution containing Cr(VI). The mixture was diluted with distilled water to 10 mL, 126 

shaken and left for 5 minutes to form the dyphenylcarbazone (DPCA) complex, Cr(III)-DPCA. The 127 

absorbance was measured at 540 nm. The Cr(III) concentration was calculated as the difference 128 

between the total Cr concentration determined by ICP-MS and the Cr(VI) concentration obtained 129 

by the colorimetric method. 130 

The adsorption of each species was expressed as the adsorption percentage calculated using 131 

Equation (1), and the adsorption capacity of the adsorbent, qe (mg/g), expressed as the amount of 132 

heavy metal per adsorbent mass unit at equilibrium was calculated using Equation (2): 133 

% 𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =
(𝐶0−𝐶𝑒)

𝐶0
× 100   (1) 134 
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𝑞𝑒 =
(𝐶0−𝐶𝑒)×𝑉 

𝑚
       (2) 135 

where V (L) is the volume of the heavy metal solution; C0 and Ce (mg/L) are the initial and 136 

equilibrium heavy metal concentrations in the solution; and m (g) is the dry weight of the adsorbent. 137 

All the results are expressed as the mean value of a minimum of duplicate measurements. 138 

2.5 Kinetics modelling 139 

In order to evaluate the performance of the different sorbent materials, the kinetics of the 140 

adsorption process was characterized at an intermediate concentration of 9 mg/L of the different 141 

chromium species. The experimental conditions were similar to those detailed in Section 2.4. Four 142 

different models, pseudo-first-order (PFO), pseudo-second-order (PSO), Elovich and Intra-particle 143 

Diffusion (Qiu et al., 2009), were used to describe the adsorption kinetics of the different biosorbent 144 

systems. More details regarding the mathematical expressions of the models used and the 145 

experiment can be found in the supplementary information. 146 

2.6 X-ray absorption spectroscopy study 147 

For the XAS experiments, Pine, Pine/TiO2 and PG samples were exposed to 349 and 470 mg/L 148 

single-element solutions of Cr(III) and Cr(VI), respectively, during 24 h in a rotary sacker at 25 rpm. 149 

Subsequently, the solids were separated from the solution by filtration and washed with milliQ water 150 

at room temperature (25±1 oC) for 3 times to eliminate any remaining Cr solution and leave only 151 

the adsorbed Cr. Finally, the samples were dried in an oven at 70 oC for 1 day. The dried powder 152 

was pressed into a pellet to facilitate its handling. XAS measurements were performed at the B18 153 

beamline of the Diamond Light Source synchrotron facility (Didcot, United Kingdom) (Dent et al., 154 

2009). EXAFS was collected at Cr K-edge using QEXAFS scanning mode and Si(111) 155 

monochromator crystals. The measurements were performed at liquid nitrogen temperature to 156 
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minimize possible radiation damage. Due to the low concentration of Cr in the samples, the 157 

measurements were performed in fluorescence mode using the 4-element Si-Drift detector available 158 

at the beamline. Reference samples (potassium dichromate(VI), Cr(III) acetate hydroxide, Cr(III) 159 

acetylacetonate, Cr(III) nitrate nonahydrate) were measured in transmission mode using gas 160 

ionization chambers filled with the appropriate amount of nitrogen and argon to absorb 15% (I0) 161 

and 70% (It and Iref) of the beam. XAS data analysis (i.e., spectra averaging, background subtraction, 162 

and spectra normalization) was performed according to standard procedures using the ATHENA 163 

program included in the Demeter software package (Ravel and Newville, 2005). The XANES 164 

spectra were rebinned to have a 0.5 eV energy grid in the edge region, between -40 and 120 eV 165 

respect to the edge position (E0). The Fourier transform of the EXAFS signal was performed in the 166 

k-range 2.6 – 12.55 Å-1. 167 

 168 

3. Results and Discussion 169 

3.1 Morphology, porosity and surface properties 170 
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 171 

Figure 1. SEM images of Pine (a), PG (b), Pine/TiO2 (c) at similar magnification (scale bar 10 172 

µm); and Pine/TiO2 (d) at higher magnification (scale bar 1 µm). Red square in panel c denotes the 173 

area of the image that is shown enlarged in panel d. 174 

 175 

Table 1. BET and Zeta potential analysis of Pine, PG and Pine/TiO2. 176 

 Pine Pine/TiO2 PG 

Surface Area (m2/g) 1.52 36.1 128 

Pore Volume (cm3/g) 0.0177 0.0454 0.257 

Pore Size (nm) 44.2 4.71 7.99 

Zeta potential (mV) pH 4.0 -11.5 -20.3 -18.1 

SEM images displayed in Figure 1 show that Pine has an irregular surface morphology that totally 177 

changes to more ordered graphene-type sheets after the pyrolysis treatment at high temperature to 178 

obtain PG, as expected. This is due to the degradation of cellulose, hemicellulose and lignin present 179 

in the original biomass material (Bagreev et al., 2001; Hossain et al., 2011; Sun et al., 2014; Zhao 180 

et al., 2017). As a result, the biochar material, PG, has a smoother surface and much smaller particle 181 

size than the original biomass, Pine. The BET results reported in Table 1 show that PG has much 182 

larger surface area and pore volume, and smaller pore size than Pine which demonstrates the 183 

increase in porosity after pyrolysis (Li et al., 2017). On the other side, Pine/TiO2 shows quite similar 184 
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surface morphology than Pine, but with the addition of micro-sized TiO2 particles as can be seen in 185 

Figure 1(d). The presence of TiO2 was also confirmed by SEM-EDX measurements (see Figure S2 186 

and S3). The loading of TiO2 was very low as confirmed by the XRD measurements (see Figure S4). 187 

No appreciable diffraction peaks from TiO2 particles were detected above the background level of 188 

the amorphous porous biomass structure. Since the temperature used to synthesize Pine/TiO2 is low, 189 

325 oC, most of the original components and characteristic structure of the original Pine material is 190 

preserved. The increase of surface area and pore volume, and the decrease of pore size could be 191 

attributed to the additional porosity associated with the micro-sized TiO2 particles. 192 

The zeta potential values at pH 4.0 are shown in Table 1. The zeta potential value for PG and 193 

Pine/TiO2 is more negative than for Pine. This means that there is more negative charge on the 194 

surface of PG and Pine/TiO2 than in Pine that may favor the interaction with heavy metal cations 195 

such as Cr3+. 196 

3.2 ATR-FTIR characterization  197 

ATR-FTIR analysis was carried out to identify the functional groups present in the different 198 

sorbents that might be involved in the sorption process. FTIR spectra of Pine, Pine/TiO2 and PG are 199 

shown in Figure 2. A decrease in the intensity of the bands corresponding to carboxyl (-COOH) and 200 

hydroxyl (-OH) groups is observed in the FTIR spectra of Pine/TiO2 and PG after thermal treatments 201 

applied to Pine (see Table S1 for band assignments) (Larkin, 2011). Indeed, the FTIR of PG indicates 202 

the loss of most of the functional groups due to the pyrolysis of the lignocellulosic materials at high 203 

temperature. This is confirmed by the decrease of H/C and O/C atomic ratios of PG respect to Pine, 204 

from 1.33 to 0.19 and from 0.69 to 0.10, respectively (Marks et al., 2014). As reported by Al-Wabel 205 

et al. (2013), -COOH functional group decomposes at the high temperatures of the pyrolysis process, 206 
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being completely lost above 700 oC. The reduction in concentration of functional groups such as -207 

COOH, -COH and -OH after pyrolysis tends to increase the pH of the biochar sorbents (Li et al., 208 

2017). Indeed, the pH value obtained for PG, pH 9.0, is much higher than for Pine and Pine/TiO2, 209 

pH 6.0. 210 

 211 

Figure 2. ATR-FTIR spectra of Pine, Pine/TiO2 and PG. 212 

3.3 Kinetics modelling 213 

The analysis of the kinetics considering PFO, PSO and Elovich models (see Supporting 214 

Information and Figure S5) showed that all these models were suitable to describe the adsorption of 215 

both chromium species in all the biosorbent materials, with the exception of PG in contact with 216 

Cr(VI) (see Table S2). On the other hand, the Intra-particle Diffusion model did not reproduce in 217 

any case the adsorption behavior found. As the adsorption of chromium follows both PFO and PSO 218 

models, the adsorption of chromium on the surface of the adsorbents is probably due to a 219 
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combination of the physical and chemical adsorption process between the adsorbent and adsorbate, 220 

either via Van der Waals, covalent or ion exchange interactions as PSO kinetics is controlled by 221 

chemical processes, including valence forces sharing or exchanging electrons between the adsorbent 222 

and adsorbate as it has been previously described (Qiu et al., 2009). In the case of Cr(VI) adsorbed 223 

on PG, none of the selected models could successfully reproduce the trend since the adsorption is 224 

negligible in this case. 225 

3.4 Comparison of biosorbent adsorption properties  226 

The study of the effect of the initial concentration on the adsorption capacity (see Figure S6) 227 

showed that neither PG for Cr(III) or Pine/TiO2 for Cr(VI) reached saturation within the 228 

concentration range used and pH 4.0. When comparing the adsorption capacity of Cr measured for 229 

the three sorbent materials remarkable differences are found depending on the chromium species 230 

present in solution, Cr(III) or Cr(VI), see Figure 3. Although both, Pine and Pine/TiO2, have better 231 

sorption capacity of Cr(VI) than for Cr(III), an enhancement of this sorption capacity is found for 232 

Pine/TiO2 respect to Pine for both Cr species, especially for Cr(VI). However, PG outperforms both 233 

of them in the case of Cr(III) adsorption, whereas it displays negligible adsorption of Cr(VI). The 234 

main factors influencing the adsorption of heavy metals are expected to be functional groups, pH of 235 

the sorbent, mineral elements content (e.g. K, Ca, Mg and P) and specific surface area (Chen et al., 236 

2018; Wnetrzak et al., 2014; Yuan et al., 2011). In our case, the mineral element concentration values 237 

for PG are much larger than for Pine (9.36 and 0.68 mg/kg for K, 20.5 and 0.67 mg/kg for Ca, 2.1 238 

and 0.15 mg/kg for Mg, and 1.3 and 0.07 mg/kg for total P content in PG and Pine, respectively) 239 

(Marks et al., 2014). This is due to the fact that these mineral elements are concentrated on the 240 

surface of the adsorbent during the pyrolysis process at high temperature. During that process, most 241 
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of the organic matter of the biomass is pyrolyzed, thus increasing the relative concentration of 242 

mineral elements in the material. The cation exchange capacity (CEC) reported for PG was 21 ± 7 243 

mmolc/kg (Marks et al., 2016) which is low when comparing with other better performing biochars, 244 

but much larger than wood biomass materials. Furthermore, due to its negative surface, PG can 245 

easily attract positive cations as Cr3+, which can be exchanged with the K+, Ca2+ and Mg2+ cations 246 

(Wnetrzak et al., 2014). Thus, the negative charge and the larger specific surface of PG can explain 247 

its enhanced adsorption capacity for Cr(III) over Pine and Pine/TiO2. Following a similar reasoning, 248 

the higher Cr(III) removal efficiency of Pine/TiO2 over Pine can be ascribed to its higher surface 249 

area (see Table 1) and to the slightly increase of the mineral element content after the low 250 

temperature thermal treatment since still an important amount of organic matter from the original 251 

Pine biomass remains in the Pine/TiO2 sorbent. 252 

Regarding Cr(VI), since it is found in aqueous solution at pH 4.0 as chromate anion, HCrO4
- 253 

(Markiewicz et al., 2015), it will not interact neither with carboxyl neither with hydroxyl functional 254 

groups present in the sorbents studied. Even though, at low pH, only the interaction with lignin 255 

could facilitate the adsorption of Cr(VI) by Pine due to the fact that the surface of lignin carries less 256 

negative charges and it can readily adsorb the chromate anion by physical and/or Van der Waals 257 

interactions (Chen et al., 2018; Wang et al., 2019). The enhanced adsorption of Cr(VI) found in 258 

Pine/TiO2 respect to Pine can be attributed to the micro-sized TiO2 particles due to the presence of 259 

TiOH2
+ groups, which dominate for pH below 4.2 (Weng et al., 1997). Indeed, since the loading of 260 

the TiO2 particles on the surface is small, it should cover only a small surface area of the Pine/TiO2 261 

material. Thus, most of the surface is composed by the low temperature pyrolyzed biochar support. 262 

The negatively charged surface of the support can explain that Pine/TiO2 has a much negative value 263 
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of the Zeta potential that the original Pine biomass. In the case of PG, there is a larger amount of 264 

minerals cation elements concentrated on the surface than the amount of TiOH2
+ groups present in 265 

the Pine/TiO2 sorbent material. Therefore, Pine/TiO2 has less amount of mineral cation content than 266 

PG and just a relatively small amount of TiOH2
+ groups, which in global leads to a more negative 267 

surface charge (or zeta potential measurement) in comparison with PG. Regarding PG, its negligible 268 

Cr(VI) adsorption can be understood by the electrostatic repulsion between chromate and OH- 269 

groups expected to be present in the PG surface due to the higher pH of the adsorbent (pH 9.0) that 270 

increases the competition with OH-.  271 

 272 

Figure 3. Adsorption capacity of Cr for Pine, Pine/TiO2 and PG for an initial metal concentration 273 

of 120 mg/L. 274 

3.5 Adsorption isotherm modelling 275 

The Cr(III) and Cr(VI) adsorption isotherms for the three sorbents are shown in panels (a) and (b) 276 

of Figure 4, respectively. Langmuir and Freundlich isotherm models were used to understand the 277 

adsorption mechanism for the interaction of heavy metal ions on the adsorbent surface. Langmuir 278 
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model assumes that the uptake of metal ions occurs on a homogeneous surface by a monolayer 279 

deposition, whereas Freundlich isotherm model is employed to describe the equilibrium process on 280 

a heterogeneous surface. See supplementary information for further details. 281 

 282 

Figure 4. Adsorption isotherms for Pine, Pine/TiO2 and PG measured at T=25±1oC: Cr(III) (a); 283 

and Cr(VI) (b). Freundlich model (continuous line) and Langmuir model (dot and dash line) are 284 

shown for each curve. 285 

Adsorption isotherms for Pine/TiO2 are well described either by Freundlich and Langmuir models 286 

for both Cr(III) and Cr(VI) as displayed in Figure 4a and 4b, respectively. The final parameters of 287 

the modelling are shown in Table 2. For Pine, Langmuir model describes noticeably better the 288 

experimental data for both chromium species. On another hand, the Cr(III) isotherm for PG does 289 

not reach saturation due to its high adsorption capacity even when reaching 300 mg/L of the initial 290 

concentration. In the case of Cr(VI), PG shows quite low adsorption capacity which is not 291 

reproduced by any model. 292 

The results obtained for Pine/TiO2 can be understood considering the actual nature of the sorbent 293 

material itself. The agreement with the Freundlich model describes the adsorption equilibrium 294 

process on its heterogeneous surface. Moreover, the good agreement also achieved with the 295 

Langmuir model suggests that there is a monolayer interaction between the chromium species and 296 
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the sorbent surface. As shown in Table 2, both models provide a maximum adsorption capacity of 297 

both Cr species for Pine/TiO2 much larger than the original biomass material, Pine. On the other 298 

side, since Pine is more homogeneous than Pine/TiO2, a monolayer deposition on its surface 299 

explains the adsorption process of chromium following Langmuir model. That behavior can also be 300 

related to the proposed adsorption mechanisms for both chromium species, being the metal ion-301 

exchange interaction with functional groups for Cr(III), and the Van der Waals interaction with the 302 

lignin structure for Cr(VI).  303 

 304 

Table 2. Results from fitting the isotherm measurements to Langmuir and Freundlich models. 305 

 

Langmuir Freundlich 

qmax KL 

R2 

qe,max Kf 

n R2 
(mg/g) (L/mg) (mg/g) 

((mg/g)· 

(L/mg)1/n) 

Cr(III) 
Pine 1.14 0.838 0.951 1.16 0.605 0.154 0.616 

Pine/TiO2 2.83 1.15 0.996 1.23 1.20 0.184 0.941 

Cr(VI) 
Pine 2.35 0.001 0.974 2.26 0.454 0.324 0.784 

Pine/TiO2 27.0 0.149 0.975 12.8 3.40 0.266 0.982 

3.6 X-ray absorption spectroscopy study 306 

XAS was used to investigate the interaction of the heavy metal with the different adsorption sites 307 

present in the surface of Pine, Pine/TiO2 and PG. The XAS spectrum can be divided in two 308 

characteristic regions: X-ray absorption near-edge spectroscopy (XANES) and extended X-ray 309 

absorption fine-structure spectroscopy (EXAFS). XANES, which is closer to the absorption edge, 310 

is sensitive to formal oxidation state and coordination chemistry of the probed element, while 311 

EXAFS is used to determine the distances, coordination number, and species of neighbors of the 312 

probed element. Figure 5 shows the comparison of the Cr K-edge XANES spectra of the sorbent 313 

materials with the Cr reference compounds. The spectrum of potassium dichromate reference 314 
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compound, in which Cr is tetrahedrally coordinated (Td) with four oxygens, is characterized by an 315 

intense pre-peak that can be assigned to a partially allowed dipole transition due to the mixture of 316 

states produced by the lack of inversion center (Peterson et al., 1996). On the other hand, a much 317 

less intense pre-edge feature is found in the spectra of the Cr(III) references in which chromium is 318 

coordinated with 6 ligands in a distorted octahedral configuration. As expected, the absorption edge 319 

of the chromate reference is shifted towards higher energy respect to the Cr(III) references. 320 

The most striking fact is that the sorbent samples exposed to Cr(VI) solution do not show the 321 

characteristic and intense pre-edge feature of chromate species. The only sample showing a hint of 322 

the chromate pre-peak feature is PG-Cr(VI). The reduction of the chromate in the solution during 323 

the adsorption process can be discarded since the concentration of the Cr(VI) species was checked 324 

using UV-Vis spectroscopy before and after the adsorption experiment.  325 



18 

 

 326 

Figure 5. XAS spectra at Cr K-edge for Cr references and Pine, PG and Pine/TiO2 sorbent 327 

materials after adsorbing Cr(III) and Cr(VI). 328 

Indeed, the spectral profile of the samples exposed to Cr(VI) is quite similar to the Cr(III) ones. 329 

The only difference between the two different Cr species is found in the profile of the white-line 330 

(main resonance after the absorption edge). The feature B in the XANES spectra of the Pine and 331 

Pine/TiO2 is slightly more intense for Cr(III) adsorption than for Cr(VI). This might be ascribed to 332 

the slightly distorted environment of Cr atom that can be found in the case of Cr(VI) adsorption-333 

reduction mechanism. 334 

Regarding the EXAFS signal displayed in Figure 6, there is a clear difference of the spectra 335 

collected on the Cr(III) references respect to the Cr(VI) ones. The main difference is the higher 336 
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frequency of the main oscillation in the Cr(III) EXAFS signal (panel a) which reflects the larger Cr-337 

O distance of the distorted octahedral arrangement of Cr(III) respect to the tetrahedral one of the 338 

chromate (Cr(VI)). This can be appreciated more clearly in the pseudo-radial distribution function 339 

in the real space (R) after applying the Fourier Transform (panel b). In accordance with the XANES 340 

results, all the sorbent samples show a similar spectral profile regardless the Cr species exposed to. 341 

The only one which is slightly different is the PG-Cr(VI) sample that, as it has been mentioned, it 342 

contains a mixture of Cr(VI) and Cr(III). 343 

 344 

Figure 6. EXAFS signal (a) and pseudo-radial distribution function (b) at Cr K-edge for Cr 345 

references and Cr-loaded on Pine, PG and Pine/TiO2 sorbent materials. 346 

In order to get a better insight on the character of the Cr adsorbed on the different materials, a 347 

linear combination fitting analysis of the XANES spectra of the samples using the four Cr references 348 

was performed. The results shown in the supporting information (Table S3) confirmed the absence 349 

of Cr(VI) in Pine-Cr(VI) and Pine/TiO2-Cr(VI), and the presence of ~18% of chromate in PG-Cr(VI). 350 

This observation suggests that the adsorption of the chromate occurs before its reduction. On the 351 
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contrary, the occurrence of the reduction step before the adsorption would imply a much larger 352 

adsorption capacity of PG-Cr(VI) as found for PG-Cr(III). The little amount of Cr(VI) detected in 353 

PG might be residual traces of the initial Cr(VI) solution that were not properly washed out from 354 

the sorbent material after the adsorption experiment when rinsing the solid sorbent. The adsorption-355 

reduction mechanism has been interpreted by other authors working with biochar as a two-step 356 

process. First, the Cr(VI) ions are electrostatically attracted by the few remaining positively charged 357 

functional groups. Biochar produced at higher pyrolysis temperatures, which has more well-ordered 358 

graphene sheets, is expected to be a better donator of π-electrons (Uchimiya et al., 2011). These π-359 

electrons are a likely source of electrons for reducing Cr(VI) to Cr(III). Finally, Cr(III) is retained 360 

on the PG sorbent material by the few amount of negatively charged groups (Rajapaksha et al., 2018; 361 

Xu et al., 2019). However, this mechanism cannot account for the adsorption/reduction mechanism 362 

occurring in Pine and Pine/TiO2 samples. In biomass, it has been proposed that oxygen containing 363 

groups, such as carboxyl and phenolic groups, play a major role in the binding of the Cr(III) resulting 364 

from the abiotic reduction of Cr(VI) by the biomass (Park et al., 2008). These surface functional 365 

groups, which are abundant on Pine and Pine/TiO2, might serve as the electron donating moiety to 366 

provide the electrons for the Cr(VI) reduction. Regarding Pine/TiO2, our results suggest that the 367 

interaction between TiOH2
+ and the chromate anion occurs through hydrogen bonding since no 368 

titanium contribution has been found in the second coordination shell of the pseudo-radial 369 

distribution function of the EXAFS signal (Figure 6b) measured on Pine/TiO2-Cr(VI). The presence 370 

of that contribution would be linked to the occurrence of Cr-O-Ti bonding structures. 371 

 372 

 373 



21 

 

4. Conclusions 374 

In this work, we describe the molecular adsorption mechanisms of Cr(III) and Cr(VI) by Pine, 375 

PG and Pine/TiO2 to explain the Cr species-dependent enhanced adsorption observed in the 376 

modified biomass materials via either gasification or by loading TiO2 particles, for Cr(III) and 377 

Cr(VI), respectively. The enhanced adsorption of Cr(III) in PG respect to Pine can be mostly 378 

attributed to the high number of the cation mineral elements concentrated on the large surface area 379 

obtained after pyrolysis that can promote their exchange processes with Cr(III), since the negatively 380 

charged surface of the PG sorbent can favor the attraction of positive cations such as Cr3+. In the 381 

case of Pine/TiO2, the presence of TiOH2
+ groups enhances the adsorption Cr(VI) as HCrO4

-. In 382 

addition, we have observed that the highly toxic and carcinogenic Cr(VI) gets reduced to the less 383 

toxic Cr(III) in the case of Pine or Pine/TiO2 which is highly desirable for the treatment of Cr(VI)-384 

contaminated waters. 385 

This demonstrates that biomass-based sorbents are an interesting, cost-effective and eco-friendly 386 

alternative to traditional polymeric and inorganic synthetic materials that are nowadays used for 387 

heavy metal removal. For possible large-scale applications, the synthesis procedure of Pine/TiO2 388 

composite material should be thoroughly reviewed and optimized to obtain competitive commercial 389 

materials. Furthermore, the valorization of such biomass residues can help our society to become 390 

more sustainable while the best performance can be achieved in practical applications for water 391 

remediation. 392 
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