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High concentrations of heavy metals in wastewater are commonly associated with industrialization, which
require sustainable solutions for their removal. In this study, copper (Cu?*) and cadmium (Cd?*) adsorption
through biochar (biomass pyrolyzed at high temperature) was selected as a suitable alternative to conventional
methods. Grape peel residue was pyrolyzed at three different temperatures (400, 700, and 900 °C) and
characterized by BET analysis.

Batch experiments were carried out to evaluate adsorption performance through kinetics and isotherm studies.
The most effective biochar was selected and tested in a column experiment using a contaminated solution
containing equal concentrations (10 mg/L) of Cu?* and Cd?* to simulate competitive adsorption conditions. The
results showed that biochar produced at intermediate pyrolysis temperature displayed the highest adsorption
capacities. The Freundlich model described isothermal data better than the Langmuir model (R?=0.974).
Breakthrough curve analysis carried out over 13 h showed Cd?* saturation, whereas Cu?* removal was not
completely saturated.

1. Introduction

Rapid economic growth and population increase have led to a significant reduction in the amount of water
available for direct use, so water pollution has become one of the major global threats to human health, the
environment, and ecosystems. Heavy metals such as copper (Cu?*) and cadmium (Cd?*) are particularly
concerning due to their toxicity and persistence in the environment. Cu?* is an essential element for human
health, but it can be highly toxic at elevated concentrations. Cd?* is instead a non-essential and highly toxic
element that accumulates in the human body over long periods, which might lead to kidney dysfunction and
death (Fu & Wang, 2011).

Nowadays, the most widely used industrial methods for the treatment of water contaminated by heavy metals
are flotation, coagulation—flocculation, ion exchange, and chemical precipitation. The drawbacks of these
methods are the use of chemical reagents and high installation costs, especially for wastewater effluents rich in
pollutants. In this framework, adsorption is one of the most promising solutions due to its high selectivity, large
surface area, high adsorption capacity, and low cost. Its effectiveness and environmental impact are related to
the type of adsorbent chosen and how it is disposed of at the end of its life cycle (Oladimeiji et al., 2024).

In this study, biochar was selected to adsorb Cu?* and Cd?*. It was produced through slow pyrolysis of grape
peel residues at different temperatures (400,700, and 900°C), considering that this parameter strongly
influences biochar properties and, therefore, the adsorption performance (Fazi et al., 2026).

To identify the best material, a preliminary BET analysis was carried out to characterize biochar porosity and
specific surface area (SSA), and batch tests were conducted to evaluate the pyrolysis temperature influence on
adsorption performances. Finally, the most effective biochar was tested in a column with a mixed solution of
Cu?*and Cd?* to simulate competitive adsorption conditions.

Paper Received: 14 February 2026; Revised: 27 March 2026; Accepted: 11 April 2026
Please cite this article as: Ajmone C.M., Fazi M., Rosa D., Di Palma L., 2026, Biomass Valorization Through Pyrolysis of Grape Peel Waste as
Copper and Cadmium Adsorbent, Chemical Engineering Transactions, 125, 427-432 DOI:10.3303/CET26125072



428

2. Materials and Methods
2.1 Synthesis and Characterization

The biochar samples were obtained from grape peel biomass that was pyrolyzed at three different temperatures
(400, 700, and 900 °C). The resulting biochars are referred to as GP_BC400, GP_BC700, and GP_BC900,
respectively. The synthesis was conducted as described in previous work (Fazi et al., 2025). The influence of
pyrolysis temperature on biochar porosity and SSA was investigated through BET analysis (CO2 adsorption).

2.2 Adsorption Test

Adsorption tests were carried out to determine the kinetic and isotherm behaviour of the adsorbents. Batch
experiments were conducted using 30 mg of biochar in 30 mL of contaminated solution and mixed with a
magnetic stirrer at 500 rpm to minimize possible diffusion limitations. At the end of the experiments, the samples
were filtered with a vacuum pump and analysed by Atomic Absorption Spectroscopy (AAS) to quantify the final
concentration of Cu?* and Cd?*. pH was monitored and remained constant, that exclude pH-dependent influence
in the adsorption tests.

2.2.1 Kinetic Study

Kinetic experiments were performed using contaminant concentrations of 10 mg/L for Cu?* and Cd?* at different
contact times (15 min-24 h). Each pollutant was analysed separately to evaluate its adsorption behaviour. The
experimental data were fitted using the linearized pseudo-second order (PSO) kinetic model expressed as
Equation (1):
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where q: is the amount of contaminant uptake at time ¢ (mg metal/ g biochar), ge is the equilibrium adsorption
capacity (mg metal/g adsorbent), and kzis the pseudo-second-order rate constant (g adsorbent/(mg metal-day)).

2.2.2 Isotherm Study

Isotherm experiments were carried out at a fixed contact time (2 h for Cu?* and 5 h for Cd?*). These contact
times were selected based on the characteristic time obtained from kinetic experiments. The initial contaminant
concentration was varied between 10 and 300 mg/L. To describe monolayer adsorption, the Langmuir model
was adopted in Equation (2):
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where Qmax is the maximum adsorption capacity (mg metal/ g biochar), k. is the Langmuir constant (L/mg), and
Ce represents the residual concentration of pollutants in the solution after adsorption (mg/L). The experimental
data were also fitted with the Freundlich adsorption isotherm, as described in Equation (3):

Qe = ke C} (3)

where the Freundlich constant kr is the Freundlich constant indicative of adsorption capacity ((mg metal/g
biochar)(L/mg)'") and n is a dimensionless value describing the favourability of the adsorption.

2.2.3 Continuous Flow

A column simulating continuous flow was packed with GP_BC700 and sand of different granulometries (0.6-2.0
mm). The active section of the column contained sand and biochar in a 1:1 volumetric ratio. The flow rate
pumped with a peristaltic pump was 169.2 mL/h using a binary solution with equal initial concentrations (10
mg/L) of both Cu?*and Cd?*. The experiment was performed for 13 h, with samples collected every 30 min. The
column used for this experiment had a diameter of 1 cm and a height of 10 cm. Only 5.7 cm were packed with
a mixture of biochar and sand, while the remaining portion was filled with sand to prevent biochar loss.
Breakthrough studies were fitted using the Thomas model to evaluate the adsorbent lifetime for the target
contaminants. The model is expressed as described in Equation (4):
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where Co is the concentration of the pollutant in the influent stream (mg metal/L), Cout(t) (mg metal/ L) is the
concentration of the pollutant in the effluent stream at time t (h),qo is the adsorption capacity of the bed (mg
metal/g adsorbent), kr+ is the Thomas kinetic constant (L/(h-mg)), m is adsorbent mass (g) equal to 0.392 g,
and Q is the flow rate (L/h). Model parameters were obtained by minimizing the root mean square error (RMSE)
between model predictions and experimental data. As the test was conducted only once, the standard deviation
is not reported in Figure 1.

3. Results and discussion
3.1 BET Analysis
In Table 1, BET results are reported for GP_BC400, GP_BC700, and GP_BC900.

Table 1: BET results for GP_BC400, GP_BC700, and GP_BC900.

Biochar SSA (m?/g) Mean pore width (A) Total pore volume (cm?/g)
GP_BC400 151 10.84 0.036
GP_BC700 473 11.13 0.098
GP_BC900 158 12.82 0.024

GP_BC400 exhibited the lowest SSA (151 m?/g) among the three biochars, as higher pyrolysis temperatures
generally lead to increases in both pore size and SSA. However, at temperatures above 700 °C, structural
sintering can occur, resulting in a gradual loss of surface area due to the release of volatile compounds and
thermochemical degradation (Fazi et al., 2026). This explains the lower SSA observed for GP_BC900 (158
m?/g) compared to GP_BC700 (473 m?/g). This result was expected because biochars derived from herbaceous
biomass, such as grape peel, have low lignin content, which makes their porous structure less stable and more
prone to decay. Whereas woody biomasses, which are rich in lignin, generally show improved porosity and
specific surface area at higher pyrolysis temperatures (Bukanovi¢ et al., 2025).

3.2 Adsorption Test
PSO kinetic parameters for the adsorption of Cu?* and Cd?* with GP_BC400, GP_BC700, and GP_BC900 are
reported in Table 2.

Table 2: PSO kinetic parameter for GP_BC400, GP_BC700, and GP_BC900 for Cu?* and Cd?*.

Biochar ge (Mg/g) k2 (g adsorbent/(mg R?
metal-d))
GP_BC400 7.8 8.7 0.939
Cu?* GP_BC700 10.9 83.5 0.958
GP_BC900 10.4 455 0.991
GP_BC400 10.6 12.8 0.831
Cd2+ GP_BC700 94 104 0.873
GP_BC900 10.8 5.7 0.957

GP_BC400 exhibited the lowest adsorption efficiency for Cu?* among all the samples analyzed, and was
therefore not further investigated. GP_BC700 exhibited approximately twice the k2 values for both metals
compared to GP_BC900, indicating that the higher porosity shown by BET results enhances adsorption kinetics.
Cu?* consistently showed higher k2 values than Cd?*, suggesting faster adsorption—desorption equilibrium
achievement and higher affinity for the biochar surface. This difference can be attributed to the smaller ionic
radius and hydrated ionic radius of Cu?* (0.73-4.19 A) than Cd?* (0.95-4.26 A), which promotes faster diffusion
(Arshadi et al., 2014; lamsaard et al., 2022). Also, it allows easier interaction with functional groups containing
donor atoms such as F, O, N, P, or S, which have unshared pairs of electrons, and increases the contact
interface to promote adsorption (Zhou et al., 2018). As often reported in literature biochar surface is rich in
oxygen-containing functional groups, such as hydroxyl (—OH), carboxyl (—COOH), ether (C—O-C), carbonyl
(C=0), alkoxy (C-0), and aldehyde (—CHO) (Chen et al., 2024; Lin et al., 2025). These groups facilitate heavy
metal removal through mechanisms such as charge interactions, complexation, precipitation, ion exchange, and
physical adsorption (Chen et al., 2024; Lin et al., 2025). A study on biochar from tobacco stem analyzed the
different mechanisms for Cd?* and Cu?* adsorption (Zhou et al., 2018). FTIR analysis showed that the adsorption
of Cu?* is mainly related to complexation with hydroxyl, carbonyl, and alkoxy due to the fading of these peaks
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after adsorption compared to pristine biochar. Low copper carbonated peaks were detected after adsorption by
XRD, which excluded precipitation as a significant adsorption mechanism for Cu?*. Even if complexation with
oxygen-containing groups has a role in Cd?* adsorption, cation-1r interactions take the dominant role in the
removal of Cd?* (Zhou et al., 2018). These interactions are typical for biochars obtained at higher temperatures
(>700°C) due to the increased graphitic and aromatic character of the carbon matrix (Fazi et al., 2026), and as
expected, Cd?* showed increasing k2 values over pyrolysis temperature. As pyrolysis temperature increases,
generally the O/C ratio decreases, which indicates the progressive loss of these oxygen-containing groups (Fazi
et al., 2026). It is possible that on the surface of GP_BC700, these groups might be present in greater amounts
compared to GP_BC900, which may also contribute to the high kinetic parameters obtained.

The adsorption tests exhibited a rapid initial uptake, followed by a plateau. Accordingly, the contact times for
isotherm experiments were set to 2 h for Cu?* and 5 h for Cd?* due to the progressive coverage of the biochar’s
active sites. The high R? values (0.939-0.991) obtained from the PSO model, commonly associated with
chemisorption (Arshadi et al., 2014), confirm a close correlation between experimental data and model
predictions, in particular for Cu?*.

Tables 3 and 4 report the Langmuir and the Freundlich model parameters for GP_BC700 and GP_BC900 for
Cu?* and Cd?*.

Table 3: Langmuir model parameters for GP_BC400, GP_BC700, and GP_BC900 for Cu?* and Cd?*.

Biochar Qmax (Mg/g) k. (L/mg) R?
GP_BC700 60.9 0.0099 0.722
Cu* GP_BC900 84 0.0077 0.805
GP_BC700 142.89 0.0153 -2.92
Cd* GP_BC900 526.3 0.0025 -1.89

Table 4: Freundlich model parameters for GP_BC400, GP_BC700, and GP_BC900 for Cu?*and Cd?*.

Biochar ke ((mg/g) (L/mg)"m) n R?
cuzt GP_BC700 4.5 25 0.820
u GP_BC900 5.2 2.6 0.812
cg GP_BC700 2.3 1.4 0.932
GP_BC900 2.4 1.6 0.974

The Freundlich model better fitted experimental data than the Langmuir model (negative values are also
reported in Table 3), indicating that heavy metal adsorption via biochar occurs on heterogeneous surfaces,
implying multilayer adsorption (Kim et al., 2013; Pellera et al., 2012). However, the R? values for the Cu?*
adsorption isotherms (0.812-0.820) showed that even the Freundlich model did not perfectly describe the
phenomenon. Some assumptions common to both models, such as the absence of interactions between
adsorbed molecules, could not be valid. Biochar pyrolyzed at higher temperatures showed better agreement
between experimental data and model predictions for the PSO and the Freundlich models. As no significant
differences were observed among the biochars in isotherm tests, selection for further continuous studies was
based on kinetics, leading to GP_BC700 for the column test (Figure 1).
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Figure 1: Experimental continuous flow data and Thomas model for Cu?* and Cd?*.
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Table 5 reports Thomas model parameters for Cu2*and Cd2*. The column reached saturation for Cd?* after 11-
12 h, whereas Cu?* did not reach saturation in the experimental timeframe (Figure 1). Thomas model predictions
suggested that Cu?* saturation would occur after approximately 26 hours, indicating a significantly higher affinity
of the adsorbent for Cu?*, as expected from the kinetic test. These results were consistent with a previous study
(Park et al., 2015) which showed that competitive adsorption among metals increases the mobility of these
metals.

The qo values were consistent with those reported in the literature for biochar derived from different biomass for
Cu?* (14.38-63.14 mg/g) and for Cd?*(4.52-38.07 mg/g) (Abdolali et al., 2017), which support the hypothesis
that grape peel residue represented a suitable feedstock for biochar production aimed at heavy metals
adsorption.

The differences in breakthrough curves and adsorption capacity between Cd?* and Cu?* highlighted the potential
for process optimization and selectivity in continuous systems.

Table 5: Thomas model parameters for GP_BC700 for Cu?*and Cd?*.

ktH (L/(h-mg)) qo(mg/g) R?
Cu?* 0.0395 57.44 0.961
Cd?* 0.0589 23.89 0.950

4. Conclusions

Grape peel residues proved to be an effective and sustainable adsorbent for the removal of Cu?* and Cd?*. The
pyrolysis temperature influenced the SSA and adsorption performance of the biochar for heavy metals.
Biochar produced at an intermediate temperature of 700 °C (GP_BC700) resulted in the most effective
adsorbent among the three due to the possible presence of oxygen-containing functional groups. Kinetic studies
confirmed that Cu?* showed a faster adsorption rate (k2 values between 8.7-83.5 g/(mg-d)) and higher affinity
for the biochar surface compared to Cd?* (k2 values between 5.7-12.8 g/(mg-d)) due to its smaller ionic radius.
Isotherm studies revealed that the Freundlich model described the adsorption process, indicating
heterogeneous surface and multilayer adsorption mechanisms, but also underlining the necessity to use a more
complex model for describing the adsorption of heavy metals. Continuous flow experiments highlighted different
adsorption behaviours, with Cd?* reaching column saturation after approximately 11 hours, while Cu?* adsorption
was still ongoing (qo for Cu?* is 57.44 mg/g. In this study, batch experiments focused on the adsorption of
individual metals, extending these tests on mixed solution of Cu?* and Cd?* could provide insight into possible
competitive interactions. Further studies involving other multicomponent systems and different packed-bed
column configurations and concentration could provide deeper insights into interaction mechanisms and
enhance the potential for industrial application.
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