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ABSTRACT: High copper (Cu) and zinc (Zn) contents in soil can cause phytotoxicity to 
plants and contaminate surface and groundwater, with negative effects on agriculture and 
the environment. Functionalized charcoal (OCh) has high cation exchange capacity (CEC) 
and the ability to adsorb Cu and Zn and control their availability in the soil and water. 
An adsorption study at two pH levels was carried out to evaluate increasing Cu and Zn 
sorption capacity provided by the functionalization process of a charcoal. In addition, a 
kinetics study of competitive and non-competitive adsorption-desorption of Cu and Zn in 
OCh was also evaluated. The results showed that functionalized charcoal (Ch) increased 
CEC 8.7 times due to an increase in carboxyl and phenolic groups, without changing its 
specific surface area. The Cu and Zn kinetics study showed higher interaction of Cu with 
the OCh, with total adsorption capacity of 53.1 mg g-1. From this amount, only 74.9 % 
was desorbed. However, competitive adsorption with Zn reduced the total amount of Cu 
adsorbed and decreased the Cu affinity for organic matter. This study shows the potential 
use of functionalized charcoal for control of Cu and Zn availability in the soil solution.
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INTRODUCTION
Intensive crop production systems have a high demand for Cu and Zn, and the addition 
of these micronutrients to poor soils is necessary to meet plant nutritional needs. 
However, the application of high rates of these micronutrients in the soil can cause 
phytotoxicity (Fortunati et al., 2005; Lamb et al., 2012), reduction of the soil microbial 
activity (Giller et al., 1998), and contamination of surface water and groundwater 
(Xiaorong et al., 2007). In addition, recent research has shown that continuous use 
of animal waste in agriculture (Girotto et al., 2010; Mallmann et al., 2012, 2014) and 
successive application of cupric fungicides (Flores-Vélez et al., 1996; Pietrzak and McPhail, 
2004; Mirlean et al., 2005; Komárek et al., 2010) have increased Cu and Zn levels in soil 
and water, representing a potential source of contamination. These undesirable effects 
on agriculture and the environment are intensified in low pH soils and soils with low clay 
and organic matter content (Alva et al., 2000; Fernández-Calviño et al., 2010), as well as 
in soils naturally rich in Cu and Zn (Xu et al., 2016; Gloaguen and Passe, 2017).

The dynamics of Cu2+ and Zn2+ in the soil solution is governed by the sorption-desorption 
equilibrium (Arias et al., 2006) and is mainly influenced by physicochemical factors, such 
as cation exchange capacity (CEC) (Gomes et al., 2001; Fontes and Santos, 2010) and 
the nature of the colloid and solution pH (Sparks et al., 1995; Song et al., 2015). Due to 
the inherent characteristics of Cu2+, there is preferential adsorption of Cu2+ in organic 
colloids compared to Zn2+ (Elliott et al., 1986); thus, Cu2+ competes with Zn2+ and reduces 
its adsorption (Arias et al., 2006). However, Zn2+ in several situations has greater affinity 
with mineral compounds compared to Cu2+ (Covelo et al., 2007).

The addition of organic compounds to the soil, such as sewage sludge (Long et al., 
2010), biochar (Tang et al., 2013; Schweiker et al., 2014), charcoal, and functionalized 
charcoal (Jośko et al., 2013), is being studied to reduce the mobility, bioavailability, and 
toxicity of metals such as Cu and Zn. Functionalized charcoal or biochar is also used as 
a sorbent in the removal of potentially toxic substances in industrial wastes (Deb et al., 
2013) and as a sorbent for contaminant management in soil and water (Ahmad et al., 
2014; Rajapaksha et al., 2016) due to characteristics that favor adsorption, such as 
high specific surface area, pore volume, and CEC (Liu et al., 2007; Linhares et al., 2012; 
Araujo et al., 2014).

One approach to promote functionalization of the charcoal surface, enhancing the 
use of charcoal as a sorbent, is oxidation of the charcoal with HNO3 (Trompowsky et 
al., 2005; Liu et al., 2007). This process increases specific surface area, pore volume, 
and the presence of carboxyl, amino, and phenolic groups (Chen and Wu, 2004; 
Shafeeyan et al., 2010). To promote the oxidation of Eucalyptus grandis charcoal, 
Paiva et al. (2012) used 4.5 mol L-1 HNO3, followed by an alkaline treatment, and 
obtained a functionalized charcoal with CEC over 440 cmolc kg-1. In a subsequent 
study, Guimarães et al. (2015) avoided this alkaline treatment and used only oxidation 
with 4.5 mol L-1 HNO3, obtaining functionalized charcoal with CEC of 417 cmolc kg-1 
but with a yield 8.4 times higher. This oxidation process increased the content of 
carboxylic, phenolic, and N-containing groups, contributing to an increase in CEC 
and, consequently, to improvement in the metal adsorption capacity of charcoal 
(Puga et al., 2015). In addition, it decreased the charcoal pH value from 6.8 to 2.7, 
due to functionalization of the charcoal surface, which showed functional groups in 
protonated form (Guimarães et al., 2015). 

Previous studies have shown that it is feasible to remediate metal-contaminated soils 
with biochar, reducing metals in the soil solution, consequently reducing risks of leaching 
and environmental impacts (Melo et al., 2016; Puga et al., 2016). Thus, functionalized 
charcoal has the potential for use in reducing the mobility, bioavailability, and toxicity of 
Cu and Zn in soil and water. However, the phenomenon of metal adsorption-desorption in 
charcoals is still poorly understood; in addition, the role of oxidation of charcoal to control 
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the availability of Cu and Zn is not known. The purpose of this study was to evaluate 
Cu and Zn adsorption in functionalized charcoal in comparison to non-functionalized 
charcoal, and the effect of pH on the adsorption-desorption phenomenon. We also 
investigated the competitive and non-competitive Cu and Zn adsorption-desorption 
kinetics in the functionalized charcoal.

MATERIALS AND METHODS

Production of functionalized charcoal 

The charcoal (Ch) used in this study was obtained from wood blocks of Eucalyptus 
urophilla carbonized in a laboratory oven at 350 °C for 8 h, which was crushed in an 
ultracentrifugal mill until its particle size was smaller than 74 μm and dried at 105 °C 
for 12 h, according to Guimarães et al. (2015). The Ch was functionalized with 4 mol L-1 

HNO3 at the proportion of 45 g L-1, heated to boiling, and maintained under reflux for 4 h. 
After this time, the suspension was vacuum filtered using J. Prolab filter paper number 42. 
The residue in the filter was washed with deionized water, transferred to dialysis tubes 
(MWCO 12,400; Sigma-Aldrich), and submerged in deionized water to remove excess of 
acid and ions with successive water exchanges until electrical conductivity was below 
2 μS. After dialysis, the functionalized charcoal (OCh) was dried at 60 °C, powdered with 
a mortar and pistil, and then sieved to <74 µm.

Characterizations

The chemical characterization of charcoal (Ch) and OCh consisted of elemental analysis 
in a Perkin-Elmer 2400 Series II CHNS/O Analyzer. The contents of C, H, and N were 
expressed in relation to ash free dry weight, while the O content was estimated by 
the difference (Table 1). Ratios were calculated from the C/N atomic mass. The pH of 
the charcoal/deionized water suspension was determined at a 1:10 (w/v) ratio and the 
CEC was determined by potentiometric titration with 0.1 M NaOH, assuming that it was 
derived from carboxyl groups from pH 3 to 8 and from phenolic groups from pH 8 to 10, 
according to Bowles et al. (1989) and Inbar et al. (1990).

The specific surface areas (SSA) of the materials were measured with a Micromeritics 
ASAP-2020 instrument and calculated by the Brunauer-Emmett-Teller (BET) method, 
measured by N2 adsorption. The materials were pre-treated (degasification) by 
heating to 70 °C under vacuum until reaching a degassing pressure of less than 
20 mmHg. The zeta potential of the materials was measured in a Zeta Potential Meter 
(Malvern-Zetasizer Nano-ZS) at pH ranging from 4 to 11. The FTIR Spectroscopy: 
Attenuated Total Reflection (FTIR-ATR) of the materials was obtained with a Perkin Elmer 
Spectrum 1000 spectrophotometer from 4000 to 400 cm-1, with 32 scans and 4 cm-1 

resolution. Material morphologies were analyzed by field emission scanning electron 
microscopy (FESEM, JEOL JSM 6701F operating at 2 kV). 

Static adsorption experiments

Samples of 0.1 g of Ch or OCh were transferred to 50 mL polyethylene centrifuge tubes 
and 17.5 mL of 10 mmol L-1 K2SO4 solution was added, followed by adjustment to pH 
6.5 or 2.7 with 1 mol L-1 H2SO4 or 1 mol L-1 KOH solution until pH stabilization. The pH of 
solutions was standardized at 6.5 and 2.7 to represent the original pH from Ch and OCh, 
respectively (Table 1). The charcoal suspension was then shaken in an orbital bench 
shaker at 50 rpm for 30 min. After that, 2.5 mL of Cu or Zn (16 mmol L-1) prepared with 
CuSO4 and ZnSO4 salts was added. The salts were dissolved in the 10 mmol L-1 K2SO4 

solution and pH was adjusted as previously described. The Cu or Zn solutions were also 
added to the 10 mmol L-1 K2SO4 solution at both pHs, without the addition of charcoal, 
as blank treatments. The final Cu or Zn concentration in the total volume (20 mL) inside 

https://www.google.com.br/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&ved=0ahUKEwjm9dfjr_XWAhWITJAKHd4qBc8QFgg6MAI&url=http%3A%2F%2Fwww.utsc.utoronto.ca%2F~traceslab%2FATR_FTIR.pdf&usg=AOvVaw2kPZgzP6bo6WVkNLsm4btx
https://www.thermofisher.com/br/pt/home/industrial/spectroscopy-elemental-isotope-analysis/spectroscopy-elemental-isotope-analysis-learning-center/molecular-spectroscopy-information/ftir-information/ftir-sample-handling-techniques/ftir-sample-handling-techniques-attenuated-total-reflection-atr.html
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the polyethylene centrifuge tubes was 2 mmol L-1, an intermediate concentration used 
by Fernández-Calviño et al. (2010) in batch experiments.

For the static experiment, the suspension was shaken for 24 h in an orbital shaker at 
50 rpm at 25 °C. Then the samples were centrifuged at 3000 rpm for 20 min, and the 
supernatant was filtered through JP filter paper (J. Prolab) number 42. The concentrations 
of Cu or Zn solution were measured by atomic absorption spectrophotometry 
(VarianSpectrAA 220FS) and the content of Cu or Zn adsorbed by the Ch or OCh was 
then estimated by difference.

Adsorption was evaluated in a factorial arrangement consisting of two metals (Cu 
and Zn), two adsorbents (Ch and OCh), and two solution pHs (6.5 and 2.7), with three 
replications. Data were expressed as means and the significance of the treatment was 
determined by analysis of variance. The means were compared by the Games-Howell 
test (p<0.05).

Sorption and desorption kinetics

A second experiment was designed to evaluate the kinetics of competitive and 
non-competitive sorption/desorption of Cu and Zn in OCh at its natural pH of 2.7. After 
the adsorption phase reached equilibrium (i.e., there was no difference between the 
concentration of the solutions entering and leaving the chamber), the solution containing 
Zn and/or Cu was stopped and started to pass the background solution (10 mmol L-1 
K2SO4) to evaluate Zn and/or Cu desorption from the OCh.

Kinetic studies were performed using a continuous stirred-flow system in which a 
solution is pumped into a reactor where the sorption/desorption occurs, as described by 
Fernández-Calviño et al. (2010). Briefly explained, in the stirred-flow system, a 17 mL 
Teflon reactor is connected to a quaternary piston pump (Thermo Ultimate 3000). The 
entering solution is injected at the bottom of the reactor (1 mL min-1 flow), passes 
through the reactor chamber containing the functionalized charcoal, and is constantly 
mixed by a magnetic stirrer (300 rpm). The solution leaves the reactor through an 
outlet located on the top of the cap of the reactor. The functionalized charcoal is kept 
inside the reactor chamber by a 25-mm diameter cellulose filter with 0.2 µm pores 
(Sartorius Biolab Products) placed right before the outlet on the top of the chamber. 
The solution leaving the reactor is collected by an automatic fraction collector every 

Table 1. Chemical and physical properties of charcoal (Ch), and oxidized charcoal (OCh)

Property Ch OCh
C (g kg-1)(1) 735 574
H (g kg-1)(1) 34 24
N (g kg-1)(1) 9 30
O (g kg-1)(1) 222 373
C:N (molar) 95 22
pH(H2O)(2) 6.5 2.7
Carboxyl groups (cmolc kg-1)(3) 30 318
Phenolic groups (cmolc kg-1)(3) 20 117
Total acidity CEC (cmolc kg-1)(4) 50 436
Surface area (m2 g-1)(5) 30 29
Zeta potential (mV)(6) -23.5 -44.3

(1) In relation to dry matter free from ash. (2) Charcoal:water ratio of 1:10. (3) Estimated by potentiometric titration. 
(4) Sum of the carboxyl groups (pH 3.0-8.0) and phenolic groups (pH 8.0-10.0). (5) Estimated by N2 adsorption. 
(6) Measured by suspensions of the charcoals.
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two minutes for a total of 320 min. After the sorption/desorption has ended, we quantify 
the amount of Zn and Cu in it.

For the sorption experiment, the reaction chamber was filled with 5 mL of a 5 g L-1 

OCh suspension at pH 2.7 and ionic strength of 10 mmol L-1 K2SO4. After completing 
the volume with the background solution (10 mmol L-1 K2SO4 and pH 2.7), the reactor 
was closed, and 0.0787 mmol L‑1 (5 mg L-1) Cu or Zn solutions with pH adjusted to 2.7, 
as described by Fernández-Calviño et al. (2010), were passed through the system at a 
flow rate of 1 mL min-1. The solutions were prepared from CuSO4 or ZnSO4 salts in the 
background solution. The competitive adsorption of Cu and Zn was also evaluated with 
solution containing 0.0394 mmol L-1 (2.5 mg L-1) Cu and 0.0394 mmol L-1 (2.5 mg L-1) 
Zn with pH adjusted to 2.7, prepared and evaluated in the same way as described above 
for non-competitive adsorption.

After 320 min of the sorption experiment, we stopped the flow of the Zn or Cu (or both) 
solutions and started to flow only the 10 mmol L-1 K2SO4 background solution with pH 
adjusted to 2.7 to evaluate the desorption of Cu and Zn adsorbed by OCh. 

All the sorption-desorption experiments were evaluated in duplicates, and we also used 
blank controls in which the sorption-desorption experiments were the same, expect that 
there was no charcoal in the reaction chamber. The Cu and Zn in the solution leaving 
the reaction chamber was quantified by atomic absorption spectrometry. The sorption 
(Equation 1) and desorption (Equation 2) of Cu and/or Zn in the OCh were calculated 
according to Fernández-Calviño et al. (2010):

q(i) =   Σi
j=1 + [C1 (i + 1) – C2 (i + 1)]Ve

(C1(j) – C2(j))ΔtJ
m
Ve 		      Eq. 1

q(i) =   Σi
j=1 + [C2 (i + 1) – C1 (i + 1)]Ve

(C2(j) – C1(j))ΔtJ
m
Ve 		      Eq. 2

in which q(i) = adsorption or desorption (mg g-1) accumulated in iΔt time (min) 
(Δt = collection time of each aliquot); C1 (i) and C2 (i) = metal concentration in each 
aliquot in the absence and presence of OCh (mg L-1), respectively; J = flow rate (L min-1); 
Ve = the effective volume of the solution chamber (L); and m = mass of OCh (g).

When an adsorbent material is placed in an aqueous solution, the balance between 
adsorbent and adsorbate is not immediate, because the adsorbate molecules need to 
be transported from this aqueous solution to the outer surface of the adsorbent material 
and, after that, along the surface to its pore network; or it is still necessary for ionization 
of the functional groups at the surface of the adsorbent to occur, which can then interact 
with the ions of the solution. Thus, development of models for description of the kinetics 
of the adsorption process follow from these assumptions (Sontheimer et al., 1988). From 
the sorption-desorption curves, it was possible to analyze the kinetic of adsorption/
desorption of the metals (Cu and/or Zn) in order to obtain the rate of metal adsorption 
by the functionalized charcoal. Thus, a pseudo-first-order model was used and can be 
represented by the equation 3:

= ks (qmax – qs)dt
dqs 								            Eq. 3

in which qs (mg g-1) is the concentration of metals adsorbed at time t, qmax is the 
maximum concentration of Cu or Zn adsorbed at equilibrium (mg g-1), and ks (min-1) 
is the adsorption rate constant. For the reverse process, kd is the desorption rate 
constant, qd (mg g-1) is the concentration of Cu or Zn desorption at time t, and 
qdmax (mg g-1) is the maximum concentration of Cu or Zn desorbed at equilibrium, as 
shown in equation 4.
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= kd (qdmax – qd)dt
dqd

								            Eq. 4

RESULTS AND DISCUSSION

Production and characterization of functionalized charcoal (OCh)

The OCh yield was 780 g kg-1 in relation to the initial charcoal weight (Ch), which is due 
to the loss of C as CO2 and soluble compounds during the acid oxidation process. This 
process reduced C and H contents by 22 and 30 %, respectively (Table 1). However, 
it increased N and O contents by 33 and 68 %, respectively (Table 1), also reported in 
a previous study of our group (Guimarães et al., 2015). These changes decreased the 
OCh C:N ratio 4.2 times in comparison to the original Ch (Table 1). The increase in acidic 
groups on the surface of the functionalized charcoal makes it more hydrophilic, decreases 
its point of zero charge (PZC), and increases the negative surface charge density. Due 
to the increased carboxyl and phenolic groups in protonated form, OCh equilibrium pH 
in water decreased to 2.7 (Table 1), increasing its total acidity 8.7 times compared to 
Ch. Using nitric acid to functionalize almond charcoal, Moreno-Castilla et al. (2000) also 
found the same equilibrium pH (around 2.3) after the oxidation. 

The amount of the carboxyl groups, estimated by potentiometric titration from pH 3 to 8 
(Bowles et al., 1989; Inbar et al., 1990), were 2.7 times higher than the phenolic groups, 
which was estimated by potentiometric titration from pH 8 to 10. Since carboxyl groups 
are more acidic than phenolic groups, there was a decrease in the zeta potential, which 
was initially -23.5 mV and changed to -44.3 mV after functionalization of charcoal in 
both solutions and standardization at pH 2.7, although this did not cause any change in 
specific surface area (Table 1). 

In terms of functional groups, FTIR-ATR analysis shows some differences between Ch 
and OCh (Figure 1). According to the spectra, there are basically two main bands that 
characterize the charcoal according to the vibrational energy of the molecules. The 
band between 3450 cm-1 corresponds to stretching of the O-H group (Huang et al., 
2009), mainly in the carboxylic acid functional group. The band ranging from 1600 to 
1700 cm-1 corresponds to stretching of the C=O to carboxylic acids or to lactones in 
phenolic groups (Zielke et al., 1996). Observing the FTIR-ATR spectrum, it cannot be 
stated conclusively that there were changes in the bands between 3450 cm-1 since these 
bands are highly influenced by the presence of water and also by the vibrations of the 
amine groups. However, it is in the regions between 1700-1600 cm-1 that more changes 
are observed for the OCh. These results clearly indicate that the functionalization by 
HNO3 generates a large number of surface functional groups (Chen and Wu, 2004). 
A new band can be observed at 1691 cm-1 for free unsubstituted amide vibrations, 
and the band shift from 1596 cm-1 to 1589 cm-1 is due to a change in the chemical 
environment between the vibrations C=C of the aromatic ring related to the increase 
in the carboxylic and phenolic groups exhibited by OCh. In addition, there are changes 
in the bands at 1348 to 1368 cm-1, corresponding to the OH of secondary alcohol and 
carboxylic acid and in the bands between 900 to 650 cm-1, related to vibrations of the 
aromatic rings as a consequence of greater predominance of carboxylic and phenolic 
groups attached to aromatic rings  (Silverstein et al., 2006).

The production of charcoal from eucalyptus wood produces a material that keeps the 
biological structures present in the plants (Figure 2a). Thermal decomposition of biomass 
forms an extensive pore network (Song and Guo, 2012). However, the acid functionalization 
of Ch broke down these structures, leaving behind smaller particles in the OCh (Figure 2b). 
Even though the structure has changed, the specific surface area of Ch and OCh did not 
change (Shamsijazeyi and Kaghazchi, 2010). 
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Static adsorption experiments

Table 2 shows the adsorption of Cu and Zn in charcoal (Ch) or functionalized charcoal 
(OCh) at pH 6.5 or 2.7, respectively. The functionalization of Ch led to a significant 
increase in its ability to adsorb both Cu and Zn, especially under the more acidic pH 
condition. This result can be attributed to the presence of negative charges even at low 
pH (such as 2.7), due to the lower PZC of OCh. Adsorption of Cu increased 174 times 

Figure 1. Infrared spectra of Eucalyptus charcoal (Ch) and of oxidized charcoal (OCh).
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Figure 2. Scanning electron microscopy (SEM) images of Eucalyptus charcoal (Ch) (a) and of oxidized charcoal (OCh) (b).
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with the functionalization of charcoal at pH 2.7; however, this increase was only 2.7 
times at pH 6.5. This increase can be attributed to the increase of 8.7 times in CEC due 
to the carboxylic acidity promoted by charcoal functionalization (Table 1). The adsorption 
capacity of charcoal increases even without any change in specific surface area. According 
to many authors (Bautista-Toledo, 1994; Leon et al., 1994; Shamsijazeyi and Kahazachi, 
2010), the surface chemistry of the adsorbent is, in general, more important for the 
adsorption process than the surface area and pore distribution of the adsorbent. In a 
study conducted by Xu and Liu (2008), it was observed that activation of charcoal with 
HNO3 increased Pb2+ removal, due to an increase in its cation exchange capacity (CEC), 
but not due to structural properties. 

The pH had a greater effect on Cu adsorption capacity in the Ch than in the OCh. This 
effect may be related to the greater variation in pKa values observed for the OCh, 
ranging from 1.2 to 9.6, as described by Guimarães et al. (2015). At a pH lower than the 
PZC (such as pH 2.7), Ch has protonated adsorption sites, which ultimately reduces its 
adsorptive capacity. In contrast, OCh showed a smaller difference in Cu adsorption within 
the same pH change due to the lower PZC. In contrast, the adsorption of Zn in OCh was 
more dependent on pH than adsorption of Cu. Whereas Ch showed greater adsorption 
of Zn than Cu, the reduction of pH 6.5 to 2.7 inhibited Zn adsorption by Ch. There was 
greater affinity for adsorption of Cu on the surface for both charcoals (OCh and Ch), 
especially at lower pH, corroborating the results from Elliott et al. (1986). At pH 2.7, OCh 
showed a greater ability to adsorb Cu, with only a slight increase at pH 6.5. However, 
Zn adsorption in OCh increased approximately three times at the increased pH level. 
This result was expected, due to the inherent characteristics of the Cu, which has high 
affinity to and specific adsorption with organic compounds (Guilherme and Anderson, 
1998). The large increase in Zn adsorption when pH went from 2.7 to 6.5 showed the 
big influence of surface charges on Zn adsorption in OCh.

Sorption kinetics

The sorption of Cu in OCh was fast, the sorption rate increased up to 60 min, and 
maximum sorption capacity of 54.66 mg g-1 was achieved in 180 min (Table 3 and 
Figure 3). In a study performed by Sparks (2003), it also observed that Cu affinity by 
the organic matter surface decreased with the increase in the total adsorbed. From all 
this Cu sorbed, only 71.9 % was desorbed within 320 min (Table 3). This is due to the 
strong interaction between Cu and the OCh surface. According by Strawn and Baker 
(2008), Cu can form mainly inner-sphere complexes with organic matter, which promote 
irreversible adsorption. Cupper adsorption by OCh in the stirred-flow chamber method 
was four times higher than in the static method. Cupper adsorption tended to be greater 
in the flow systems, possibly because of precipitation or reduced competition between 
the solutes and desorbed antecedent species (Usepa, 1992). 

The non-competitive adsorption and desorption of Zn on the OCh surface in the period of 
320 min is shown in figure 4. As expected, Zn adsorption was lower than Cu adsorption. 

Table 2. Adsorption of Cu or Zn (mg g-1) in charcoal (Ch) and oxidized charcoal (OCh) at pH 2.7 
and 6.5 in the static adsorption experiment. Values within the table followed by the same letter 
do not differ significantly by the Games-Howell test at p<0.05

Element pH Ch OCh
mg g-1

Cu
2.7 0.066 (0.018*) e 12.174 (0.126) b
6.5 4.685 (0.829) c 12.914 (0.237) a

Zn
2.7 0.001 (0.000) f 4.567 (0.203) c
6.5 1.185 (0.201) d 13.016 (0.220) a

Triple interaction was significant (p<0.001). * Confidence intervals.
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In addition, Zn adsorption stabilized faster, at 8.34 mg g-1, after 120 min (Table 3). These 
results confirm the lower affinity for Zn than for Cu by the organic matter surface. This 
behavior was also observed by Fernández-Calviño et al. (2010). Despite the lower Zn 
adsorption, all the Zn adsorbed was desorbed up to 320 min, showing a lower interaction 
with the OCh surface, compared to Cu. The total desorption of Zn can be attributed to 
Zn mainly forming outer-sphere complexes with the adsorbent particles (Diesing et al., 
2008). Similar to that observed for Cu, adsorption of the Zn in OCh was two times higher 
by the stirred-flow chamber compared to the static adsorption method.

The interaction of Cu and Zn ions in the solution, as well as competition for adsorption 
sites on the OCh surface eventually reduced Cu and Zn adsorption. However, this reduction 
was greater for Cu, from 54.66 to 28.54 mg g-1, whereas for Zn, it was 8.34 to 7.76 mg g-1 
(Table 3). These results suggest that Cu has more influence on this competition than Zn. 

Figure 3. Cumulative non-competitive and competitive Cu adsorption and desorption by oxidized 
charcoal at pH 2.7 in stirred-flow experiments. Data shown as the mean values of duplicates with 
bars to indicate the standard error of the mean.
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Table 3. Non-competitive and competitive parameters of Cu or Zn adsorption and desorption by 
oxidized charcoal (OCh) at pH 2.7 performed using a continuous stirred-flow system. Mean values 
reported from two replicates, with standard deviations in parentheses

Samples
Adsorption Desorption

qmax ks R2 qdmax kd R2

mg g-1 min-1 mg g-1 min-1

Non-competitive

Cu 54.66 (6.38) 0.62 (0.000) 0.99 39.31 (2.70) 0.29 (0.005) 0.99

Zn 8.34 (0.67) 0.12 (0.029) 0.96 9.09 (1.26) 0.11 (0.025) 0.97

Competitive

Cu 28.54 (1.23) 0.40 (0.00) 0.98 29.04 (1.97) 0.22 (0.009) 0.99

Zn 7.76 (1.23) 0.09 (0.052) 0.97 7.24 (1.60) 0.05 (0.004) 0.97
qmax = maximum amount of Cu or Zn adsorbed; ks = constant related to the adsorption rate; qdmax = maximum 
amount of Cu or Zn desorbed; kd = constant related to the desorption rate.
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However, all the Cu adsorbed in the competitive test with Zn was desorbed over the 
period of 320 min. This result suggests that the interaction between Cu and Zn reduced 
the interaction force of Cu on the OCh surface, allowing 100 % of adsorbed Cu to be 
released in the same period (Table 3). In addition, the lower Cu concentration in the 
competitive experiment may have favored complete desorption of the Cu. Similarly, Zn 
desorption occurred more slowly in relation to the non-competitive experiment; however, 
all the Zn was desorbed from the OCh surface in the same period. The study of Arias et al. 
(2006) tends to support these findings because they also observed a higher desorption 
of Cu in the presence of Zn, which was explained by the Zn competition for sites in the 
soil. Thus, it can be seen that the adsorption and desorption behavior of Cu and Zn are 
influenced by the competitive interaction between these ions.

The data of the maximum amount of Cu and Zn adsorbed and desorbed in OCh 
(qmax and qdmax) by non-competitive and competitive experiments is presented in 
table 3. For noncompetitive adsorption, the OCh surface exhibited higher affinity for Cu 
(qmax = 54.66 mg g-1) compared to Zn (qmax = 8.34 mg g-1), followed by the kinetics constant 
(ks) of 0.62 (0.00) and 0.12 (0.029) min-1. The higher affinity for Cu compared to Zn and 
the specific adsorption of Cu with organic binders is due to the higher electronegativity 
of Cu compared to Zn. In addition, Cu can form a coordination complex that increases 
interaction with the charcoal surface and forms mainly inner-sphere complexes with its 
ligands (Strawn and Baker, 2008), whereas Zn forms mainly outer-sphere complexes 
(Diesing et al., 2008). 

Electronegativity is a measure of the attraction exerted on the electrons of a bond, 
and is related to atomic radius. The smaller the size of the atom, the greater the 
force of attraction, since the distance between the nucleus and the electrosphere 
is smaller. There are scales that relate the electronegativity of the elements; the 
Pauling scale is the most used, and from it we have Cu > Ni > Cd > Zn (Basta and 
Tabatabai, 1992).

The higher Cu rate constant in both (competitive and noncompetitive adsorption) 
experiments also confirms the affinity for Cu by the OCh surface, which was 

0

2

4

6

8

10

12

0 60 120 180 240 300

Zn
2+

 (m
g 

g-1
)

Time (min)

non-competitive adsorption

non-competitive desorption

competitive adsorption

competitive desorption

Figure 4. Cumulative non-competitive and competitive Zn adsorption and desorption by oxidized 
charcoal at pH 2.7 in stirred-flow experiments. Data shown as the mean values of duplicates with 
bars to indicate the standard error of the mean.
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demonstrated by its greater capacity to adsorb Cu compared to Zn. However, Zn 
decreases the affinity of OCh for Cu, both reducing the amount adsorbed and facilitating 
its desorption.

Competitive adsorption of metals has been reported by many researchers for decades. 
The adsorption of Cu, Zn, and Cd in some acid soils was studied by Kuo and Baker 
(1980), and the authors observed that the Cu was preferentially adsorbed in relation 
to the others and that the presence of this metal interfered with retention of Cd 
and Zn. The same result was obtained by McBride and Blasiak (1979) in the Cu-Zn 
binary system. Competitive adsorption isotherms of Cd, Cu, Zn, Ni, and Pb as a 
function of the pH of two soils were obtained and increased competition as the 
initial concentrations of the metals increased was observed by Basta and Tabatabai 
(1992). In general, the affinity of both soils for the metals was in the following order: 
Pb > Cu > Ni > Cd-Zn. In the same way, Echeverría et al. (1998) also used isotherms 
to explain the competitive performance of these metals in three soils and concluded 
that Cu and Pb were adsorbed in large quantities and mainly with a higher bond 
strength compared to Cd, Ni, and Zn. Competition among the elements varied in 
magnitude, as shown by soil type and organic matter content. 

CONCLUSION

The oxidizing process of charcoal led to an increase in Cu and Zn adsorption capacity on 
the OCh surface due to the increase in functional groups and, consequently, in the CEC 
of the charcoal. The adsorption of Zn by functionalized charcoal was more highly at a 
higher pH value, whereas Cu adsorption did not change when the pH was more basic. 
The competitive effect between Cu and Zn led to a considerable decrease in adsorption 
of Cu. Furthermore, 100 % of the Zn adsorbed on the OCh surface was released in water 
much faster than the Cu was. In addition, the OCh had higher retention of Cu than Zn, 
especially in the noncompetitive condition. This study indicates that functionalized 
charcoal is an efficient strategy for controlling Cu and Zn availability, which can reduce 
negative effects on agriculture and on the environment.

ACKNOWLEDGMENTS

The authors thank the Brazilian agencies CNPq (Conselho Nacional de Desenvolvimento 
Científico e Tecnológico) for the Doctoral Degree scholarship of the 1st author; the 
Department of Soils (DPS) of the Federal University of Viçosa (UFV), for providing laboratory 
facilities for the experiments. This study was financed in part by the Coordenação de 
Aperfeiçoamento de Pessoal de Nível Superior - Brasil (CAPES) - Finance Code 001; and 
Fapesp (São Paulo Research Foundation, grant No. 2013/11821-5).

REFERENCES
Ahmad M, Rajapaksha AU, Lim JE, Zhang M, Bolan N, Mohan D, Vithanage M, Lee SS, Ok YS. 
Biochar as a sorbent for contaminant management in soil and water: a review. Chemosphere. 
2014;99:19-33. https://doi.org/10.1016/j.chemosphere.2013.10.071

Alva A, Huang B, Paramasivam S. Soil pH affects copper fractionation and phytotoxicity. Soil Sci 
Soc Am J. 2000;64:955-62. https://doi.org/10.2136/sssaj2000.643955x

Araujo JR, Archanjo BS, Souza KR, Kwapinski W, Falcão NPS, H. Novotny EH, Achete CA. Selective 
extraction of humic acids from an anthropogenic Amazonian dark earth and from a chemically 
oxidized charcoal. Biol Fertil Soils. 2014;50:1223-32. https://doi.org/10.1007/s00374-014-0940-9

Arias M, Pérez-Novo C, López E, Soto B. Competitive adsorption and desorption of copper and 
zinc in acid soils. Geoderma. 2006;133:151-9. https://doi.org/10.1016/j.geoderma.2005.07.002



Guimarães et al. Functionalized charcoal as a buffering matrix of copper and zinc...

12Rev Bras Cienc Solo 2018;42:e0170366

Basta NT, Tabatabai MA. Effect of copping systems on adsorption of metals by soils: III. 
competitive adsorption. Soil Sci. 1992;153:331-7.

Bautista-Toledo I, Rivera-Utrilla J, Ferro-García MA, Moreno-Castilla C. Influence of the 
oxygen surface complexes of activated carbons on the adsorption of chromium ions from 
aqueous solutions: effect of sodium chloride and humic acid. Carbon. 1994;32:93-100. 
https://doi.org/10.1016/0008-6223(94)90013-2

Bowles EC, Antweiler RC, Maccarthy P. Acid-base titration and hydrolysis of Suwannee River 
fulvic acid. In: Averett RC, Leenheer JA, McKnight DM, Thorn KA, editors. Humic substances in 
the Suwannee River, Geórgia; interactions, properties, and proposed structures. Denver: U.S. 
Geological Survey; 1989. p. 115-29.

Chen JP, Wu S. Acid/base-treated activated carbons: characterization of functional groups and 
metal adsorptive properties. Langmuir. 2004;20:2233-42. https://doi.org/10.1021/la0348463

Covelo EF, Vega FA, Andrade ML. Heavy metal sorption and desorption capacity 
of soils containing endogenous contaminants. J Hazard Mater. 2007;143:419-30. 
https://doi.org/10.1016/j.jhazmat.2006.09.047

Deb AK, Miran MS, Mollah MYA. Active carbon prepared from vegetable wastes for the 
treatment of Pb(II) in aqueous medium. Bangladesh J Sci Ind Res. 2013;48:97-104. 
https://doi.org/10.3329/bjsir.v48i2.15739

Diesing WE, Sinaj S, Sarret G, Manceau A, Flura T, Demaria P, Siegenthaler A, Sappin-Didier V, 
Frossard E. Zinc speciation and isotopic exchangeability in soils polluted with heavy metals. Eur 
J Soil Sci. 2008;59:716-29. https://doi.org/10.1111/j.1365-2389.2008.01032.x

Echeverría JC, Morera MT, Mazkiarán C, Garrido JJ. Competitive sorption of heavy metal 
by soil. Isotherms and fractional factorial experiments. Environ Pollut. 1998;101:275-84. 
https://doi.org/10.1016/S0269-7491(98)00038-4

Elliott HA, Liberati MR, Huang CP. Competitive adsorption of heavy metals by soils. J Environ 
Qual. 1986;15:214-9. https://doi.org/10.2134/jeq1986.00472425001500030002x

Fernández-Calviño D, Pérez-Novo C, Bermúdez-Couso A, López-Periago E, Arias-Estévez 
M. Batch and stirred flow reactor experiments on Zn sorption in acid soils Cu competition. 
Geoderma. 2010;159:417-24. https://doi.org/10.1016/j.geoderma.2010.09.007

Flores-Vélez LM, Ducaroir J, Jaunet AM, Robert M. Study of the distribution of copper in 
an acid sandy vineyard soil by three different methods. Eur J Soil Sci. 1996;47:523-32. 
https://doi.org/10.1111/j.1365-2389.1996.tb01852.x

Fontes MPF, Santos GC. Lability and sorption of heavy metals as related to chemical, physical, 
and mineralogical characteristics of highly weathered soils. J Soils Sediments. 2010;10:774-86. 
https://doi.org/10.1007/s11368-009-0157-y

Fortunati P, Lombi E, Hamon RE, Nolan AL, McLaughlin MJ. Effect of toxic cations 
on copper rhizotoxicity in wheat seedlings. Environ Toxicol Chem. 2005;24:372-8. 
https://doi.org/10.1897/03-069R.1

Giller KE, Witter E, Mcgrath SP. Toxicity of heavy metals to microorganisms and 
microbial processes in agricultural soils: a review. Soil Biol Biochem. 1998;30:1389-414. 
https://doi.org/10.1016/S0038-0717(97)00270-8

Girotto E, Ceretta CA, Brunetto G, Santos DR, Silva LS, Lourenzi CR, Lorensini F, 
Vieira RCB, Schmatz R. Acúmulo e formas de cobre e zinco no solo após aplicações 
sucessivas de dejeto líquido de suínos. Rev Bras Cienc Solo. 2010;34:955-65. 
https://doi.org/10.1590/S0100-06832010000300037

Gloaguen TV, Passe JJ. Importance of lithology in defining natural background concentrations of 
Cr, Cu, Ni, Pb and Zn in sedimentary soils, northeastern Brazil. Chemosphere. 2017;186:31-42. 
https://doi.org/10.1016/j.chemosphere.2017.07.134

Gomes PC, Fontes MPF, Silva AG, Mendonça ES, Netto AR. Selectivity sequence and 
competitive adsorption of heavy metals by Brazilian soils. Soil Sci Soc Am J. 2001;65:1115-21. 
https://doi.org/10.2136/sssaj2001.6541115x

http://www.scielo.br/cgi-bin/wxis.exe/iah/?IsisScript=iah/iah.xis&base=article%5Edlibrary&format=iso.pft&lang=i&nextAction=lnk&indexSearch=AU&exprSearch=GIROTTO,+EDUARDO


Guimarães et al. Functionalized charcoal as a buffering matrix of copper and zinc...

13Rev Bras Cienc Solo 2018;42:e0170366

Guilherme LRG, Anderson SJ. Copper sorption kinetics and sorption hysteresis in two oxide-rich 
soils (Oxisols). In: Venne EA, editor. Adsorption of metals by geomedia: variables, mechanisms 
and model applications. San Diego: Academic Press; 1998. p. 209-28.

Guimarães GGF, Paiva DM, Cantarutti RB, Mattiello EM, Reis EL. Volatilization of ammonia 
originating from urea treated with oxidized charcoal. J Braz Chem Soc. 2015;26:1928-35. 
https://doi.org/10.5935/0103-5053.20150171

Huang G, Shi JX, Langrish TAG. Removal of Cr (VI) from aqueous solution 
using activated carbon modified with nitric acid. Chem Eng J. 2009;152:434-9. 
https://doi.org/10.1016/j.cej.2009.05.003

Inbar Y, Chen Y, Hadar Y. Humic substances formed during the composting of organic matter. Soil 
Sci Soc Am J. 1990;54:1316-23. https://doi.org/10.2136/sssaj1990.03615995005400050019x

Jośko I, Oleszczuk P, Pranagal J, Lehmann J, Xing B, Cornelissen G. Effect of biochars 
activated carbon and multiwalled carbon nanotubes on phytotoxicity of sediment 
contaminated by inorganic and organic pollutants. Ecol Eng. 2013;60:50-9. 
https://doi.org/10.1016/j.ecoleng.2013.07.064

Komárek M, Cadkova E, Chrastny V, Bordas F, Bollinger JC. Contamination of vineyard soils with 
fungicides: a review of environmental and toxicological aspects. Environ Int. 2010;36:138-51. 
https://doi.org/10.1016/j.envint.2009.10.005

Kuo S, Baker AS. Sorption of copper, zinc and cadmium by some acid soils. Soil Sci Soc Am J. 
1980;44:969-74. https://doi.org/10.2136/sssaj1980.03615995004400050019x

Lamb DT, Naidu R, Ming H, Megharaj M. Copper phytotoxicity in native 
and agronomical plant species. Ecotoxicol Environ Saf. 2012;85:23-9. 
https://doi.org/10.1016/j.ecoenv.2012.08.018

Leon y Leon CA, Radovic LR. Chemistry and physics of carbon. New York: Marcel Dekker; 
1994. 34:213-310.

Linhares CR, Lemke J, Auccaise R, Duó DA, Ziolli RL, Kwapinski W, Novotny EH. Reproducing 
the organic matter model of anthropogenic dark earth of Amazonia and testing the 
ecotoxicity of functionalized charcoal compounds. Pesq Agropec Bras. 2012;47:693-8. 
https://doi.org/10.1590/S0100-204X2012000500009

Liu SX, Chen X, Chen XY, Liu ZF, Wang HL. Activated carbon with excellent chromium(VI) 
adsorption performance prepared by acid-base surface modification. J Hazard Mater. 
2007;141:315-9. https://doi.org/10.1016/j.jhazmat.2006.07.006

Long YY, Hu LF, Wang J, Fang CR, He R, Shen DS. Bio-immobilization of Cu and 
Zn in recirculated bioreactor landfill. Environ Sci Pollut R. 2010;17:1539-46. 
https://doi.org/10.1016/j.jhazmat.2006.07.006

Mallmann FJK, Santos DR, Ceretta CA, Cella C, Simůnek J, van Oort F. Modeling field-scale 
vertical movement of zinc and copper in a pig slurry-amended soil in Brazil. J Hazard Mater. 
2012;243:223-31. https://doi.org/10.1016/j.jhazmat.2012.10.022

Mallmann FJK, Rheinheimer DS, Ceretta CA, Cella C, Minella JPG, Guma RL, Filipovic V, Oort 
F, Simunek J. Soil tillage to reduce surface metal contamination-model development and 
simulations of zinc and copper concentration profiles in a pig slurry-amended soil. Agr Ecosyst 
Environ. 2014;196:59-68. https://doi.org/10.1016/j.agee.2014.06.024

McBride MB, Blasiak JJ. Zinc and copper solubility as a function of pH in an acid soil. Soil Sci Soc 
Am J. 1979;43:866-70. https://doi.org/10.2136/sssaj1979.03615995004300050009x

Melo LCA, Puga AP, Coscione AR, Beesley L, Abreu CA, Camargo AO. Sorption and desorption of 
cadmium and zinc in two tropical soils amended with sugarcane-straw-derived biochar. J Soils 
Sediments. 2016;16:226-34. Https://doi.org/10.1007/s11368-015-1199-y

Mirlean N, Roisenberg A, Chies JO. Copper-based fungicide contamination and metal 
distribution in Brazilian grape products. Bull Environ Contam Toxicol. 2005;75:968-74. 
https://doi.org/10.1007/s00128-005-0844-3

https://www.ncbi.nlm.nih.gov/pubmed/?term=Mallmann FJ%5BAuthor%5D&cauthor=true&cauthor_uid=23141380
https://www.ncbi.nlm.nih.gov/pubmed/?term=dos Santos DR%5BAuthor%5D&cauthor=true&cauthor_uid=23141380
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ceretta CA%5BAuthor%5D&cauthor=true&cauthor_uid=23141380
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cella C%5BAuthor%5D&cauthor=true&cauthor_uid=23141380
https://www.ncbi.nlm.nih.gov/pubmed/?term=van Oort F%5BAuthor%5D&cauthor=true&cauthor_uid=23141380
https://www.ncbi.nlm.nih.gov/pubmed/23141380


Guimarães et al. Functionalized charcoal as a buffering matrix of copper and zinc...

14Rev Bras Cienc Solo 2018;42:e0170366

Moreno-Castilla C, López-Ramón MV, Carrasco-Marín F. Changes in surface 
chemistry of activated carbons by wet oxidation. Carbon. 2000;38:1995-2001. 
https://doi.org/10.1016/S0008-6223(00)00048-8

Paiva DM, Cantarutti RB, Guimarães GGF, da Silva IR. Urea coated with oxidized 
charcoal reduces ammonia volatilization. Rev Bras Cienc Solo. 2012;36:1221-30. 
https://doi.org/10.1590/S0100-06832012000400016

Pietrzak U, McPhail DC. Copper accumulation, distribution and fractionation 
in vineyard soils of Victoria, Australia. Geoderma. 2004;122:151-61. 
https://doi.org/10.1016/j.geoderma.2004.01.005

Puga AP, Abreu CA, Melo LCA, Paz-Ferreiro J, Beesley L. Cadmium, lead, and zinc mobility and 
plant uptake in a mine soil amended with sugarcane straw biochar. Environ Sci Pollut Res. 
2015;22:17606-14. https://doi.org/10.1007/s11356-015-4977-6

Puga AP, Melo LCA, Abreu CA, Coscione AR, Paz-Ferreiro J. Leaching and fractionation 
of heavy metals in mining soils amended with biochar. Soil Till Res. 2016;164:25-33. 
https://doi.org/10.1016/j.still.2016.01.008

Rajapaksha AU, Chen SS, Tsang DCW, Zhang M, Vithanage M, Mandal S, Gao B, Bolan NS, 
Ok YS. Engineered/designer biochar for contaminant removal/immobilization from soil and 
water: potential and implication of biochar modification. Chemosphere. 2016;148:276-91. 
https://doi.org/10.1016/j.chemosphere.2016.01.043

Schweiker C, Wagner A, Peters A, Bischoff W-A, Kaupenjohann M. Biochar reduces zinc 
and cadmium but not copper and lead leaching on a former sewage field. J Environ Qual. 
2014;43:1886-93. https://doi.org/10.2134/jeq2014.02.0084

Shafeeyan MS, Daud WMAW, Houshmand A, Shamiri A. A review on surface modification 
of activated carbon for carbon dioxide adsorption. J Anal Appl Pyrol. 2010;89:143-51. 
https://doi.org/10.1016/j.jaap.2010.07.006

Shamsijazeyi H, Kaghazchi T. Investigation of nitric acid treatment of activated 
carbon for enhanced aqueous mercury removal. J Ind Eng Chem. 2010;16:852-8. 
https://doi.org/10.1016/j.jiec.2010.03.012

Silverstein RM, Webster FX, Kiemle DJ. Identificação espectrométrica de compostos orgânicos. 
7. ed. Rio de Janeiro: LTC; 2006.

Song J, Zhang R, Li K, Li B, Tang C. Adsorption of copper and zinc on activated 
carbon prepared from Typha latifolia L. Clean-Soil Air Water. 2015;43:79-85. 
https://doi.org/10.1002/clen.201300533

Song W, Guo M. Quality variations of poultry litter biochar generated at different pyrolysis 
temperatures. J Anal Appl Pyrol. 2012;94:138-45. https://doi.org/10.1016/j.jaap.2011.11.018

Sontheimer H, Crittenden JC, Summer RS. Activated carbon for water treatment. 2nd ed. 
Karlsruhe: DVGW-Forschungsstelle; 1988.

Sparks DL. Environmental soil chemistry. 2nd ed. Delaware: Academic Press; 2003.

Sparks KM, Wells JD, Johnson BB. Characterizing trace metal adsorption on kaolinite. Eur J Soil 
Sci. 1995;46:633-40. https://doi.org/10.1111/j.1365-2389.1995.tb01359.x

Strawn DG, Baker LL. Speciation of Cu in contaminated agricultural soil measured by XAFS, 
μ-XAFS, and μ-XRF. Environ Sci Technol. 2008;42:37-42. https://doi.org/10.1021/es071605z

Tang J, Zhu W, Kookana R, Katayama A. Characteristics of biochar and its 
application in remediation of contaminated soil. J Biosci Bioeng. 2013;116:653-9. 
https://doi.org/10.1016/j.jbiosc.2013.05.035

Trompowsky PM, Benites VM, Madari BE, Pimenta AS, Hockaday WC, Hatcher PG. 
Characterization of humic like substances obtained by chemical oxidation of eucalyptus 
charcoal. Org Geochem. 2005;36:1480-9. https://doi.org/10.1016/j.orggeochem.2005.08.001

United States Environmental Protection Agency - Usepa. Batch-type procedures for 
estimating soil adsorption of chemicals. Washington, DC: Technical Resource Document; 
1992. (EPA/530-SW-87- 006-F).



Guimarães et al. Functionalized charcoal as a buffering matrix of copper and zinc...

15Rev Bras Cienc Solo 2018;42:e0170366

Xiaorong W, Mingde H, Mingan S. Copper fertilizer effects on copper 
distribution and vertical transport in soils. Geoderma. 2007;138:213-20. 
https://doi.org/10.1016/j.geoderma.2006.11.012

Xu F, Qiu L, Cao Y, Huang J, Liu Z, Tian X, Li A, Yin X. Trace metals in the surface sediments 
of the intertidal Jiaozhou Bay, China: Sources and contamination assessment. Mar Pollut Bull. 
2016;104:371-8. https://doi.org/10.1016/j.marpolbul.2016.01.019

Xu T, Liu X. Peanut shell activated carbon: characterization, surface modification 
and adsorption of Pb2+ from aqueous solution. Chinese J Chem Eng. 2008;16:401-6. 
https://doi.org/10.1016/S1004-9541(08)60096-8

Zielke U, Huttinger KJ, Hoffman WP. Surface-oxidized carbon fibers: 1. Surface structure and 
chemistry. Carbon. 1996;34:983-98. https://doi.org/10.1016/0008-6223(96)00032-2


