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a b s t r a c t
The simultaneous removal of heavy metals (Fe2+, Zn2+, Ni+2, Cr2+, and Cu2+) using filters built with 
cheap and easily accessible materials was studied in raw real wastewater generated from an elec-
troplating industry localized in Medellín-Colombia. Various synthesized materials from banana 
peel waste were used as adsorbents, including powdered dry biomass and functionalized (chem-
ically treated with activating agents) and unfunctionalized biochars, all obtained via hydrother-
mal and pyrolytic synthesis. For comparison, a commercial activated carbon (CAC) was employed. 
Significant variations in both structural and surface characteristics were observed among the 
materials depending on the activating agents utilized. As it was raw wastewater, the coexistence 
of multiple metals posed challenges in the objective comparison of adsorbents. Thus, the normal-
ization of the maximum adsorption capacity about various parameters (for example, the amount 
of adsorbent, the specific surface area, the type and abundance of superficial functional groups, 
or the diameter and volume of the pore) confirmed the complexity of this type of process. In gen-
eral terms, CAC and unfunctionalized biochar exhibited the highest adsorption capacities (for 
most metals). This suggests that, when employing banana waste adsorbents for the simultaneous 
removal of heavy metals in electroplating industry wastewater, the functionalization processes 
(which involve energy consumption, reagent usage, and waste generation) may not be necessary.

Keywords:  Banana peels; Real wastewater; Electroplating industry; Heavy metals; Biochars; 
Activating agents

1. Introduction

Heavy metals such as Fe2+, Zn2+, Ni2+, Cr2+, and Cu2+ usu-
ally appear in wastewater generated from the electroplating 
industry, given their intensive use for surface coatings in 
the pickling stages [1,2]. Sometimes, the final deposition of 
these metals can cause environmental problems. According 
to data reported in the literature [3–9], significant amounts of 

these pollutants are discharged directly into water sources, 
affecting the pH of the water and generating negative 
impacts on flora, fauna, and human health [1,2]. Further, 
unlike most organic contaminants, heavy metals are not bio-
degradable and accumulate within living organisms, caus-
ing carcinogenic, mutagenic, and teratogenic effects [1,2]. 
Among the most common alternatives for effluents treat-
ment and contaminants removal are adsorption methods 
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using commercial activated carbon (CAC). This is a widely 
used material due to its porous structure, high surface area, 
chemical and thermal stability, and high adsorption capac-
ity [10]. However, its major drawbacks include high produc-
tion costs and its generation from fossil raw materials such 
as coal, petroleum tar, and phenolic resins [11]. In order to 
reduce the use of non-renewable sources, mitigate high 
costs, and adopt eco-friendly processes, various methodolo-
gies have been proposed for the synthesis of bioadsorbents 
obtained from various agro-industrial residues, in recent  
years [12].

In this context, Colombia offers great opportunities for 
agro-industrial production, given the fertile soils in its var-
ious regions and government efforts to promote environ-
mental care, social development, and circular economy. 
Particularly, the banana industry (with significant produc-
tion in various regions of the country), represents one of the 
industrial sectors showing high growth and development. 
Consequently, it results in greater generation of solid organic 
waste: once the bunch of edible fruit is detached from the 
stem to be marketed, the rest of the plant becomes a res-
idue of quite pronounced volume. In addition, out of the 
total mass of the edible fruit, only between 20% and 30% is 
used and the rest is discarded [13,14]. Therefore, using this 
waste (both abundant and cheap) as an input to obtain bioad-
sorbents represents an interesting alternative.

The efficiency of the adsorption processes depends on 
several factors such as type, quantity, surface composition, 
and physico-chemical characteristics of the adsorbent; the 
chemical nature and concentration of the adsorbate; and 
the conditions of the adsorption process such as the pH 
of the medium, temperature and residence times [15–17]. 
According to the literature, physico-chemical proper-
ties (porosity, specific surface area, and surface functional 
groups) as well as the adsorption capacity of biochars from 
lignocellulosic waste can be improved by using various 
types of physical activation (size reduction by ball mill-
ing, radiation activation, microwave heating, plasma radi-
ation, electrochemical heating, and ultrasonic agitation) or 
chemical activation (acids, alkalis, metal oxides, organic 
solvents, polymers, or exposure to an oxidizing medium 
such as steam, hydrogen peroxide, carbon dioxide, ozone, 
or air) [18–21]. Some studies have shown that physical acti-
vations improve the architectures of biochar mesopores and 
micropores [22], while the use of acids and bases allows 
an increase in adsorption sites, promoting electrostatic 
attraction, surface complexation, and surface precipitation 
[18–21]. Nonetheless, it has also been demonstrated that 
the use of activating agents does not always have a positive 
impact on the physico-chemical properties of the adsorbent 
or on its adsorption capacity [22,23].

Table 1 presents an overview of several studies focus-
ing on the use of bioadsorbents derived from lignocellu-
losic waste modified with various chemical agents. Most 
of the studies used ideal solutions and a low fraction of 
them used synthetic industrial wastewater with a maxi-
mum of three contaminants. It is evident that none of them 
has used raw wastewater. Thus, according to the literature 
review, there is currently no available information regard-
ing the experimental application of these adsorbents in real 
untreated wastewater. Consequently, the data regarding the 

practical utilization of adsorbents in real untreated wastewa-
ter (which contains multiple pollutants) are limited [24,25]. 
The incorporation of real untreated wastewater in adsorp-
tion investigations poses a significant challenge due to its 
intricate composition and the potential synergistic inter-
actions among various pollutants [26]. Unlike most related 
studies in the literature, in this contribution bioadsorption 
process was carried out using real raw wastewater; there-
fore, the results are expected to help close technological gaps 
between research on bioadsorbents and their real industrial 
applications being that kind of investigation novel, crucial 
research to focus on the efforts towards investigating this 
topic by employing a real matrix under typical conditions of 
current industrial wastewater, due this approach can effec-
tively contribute to the resolution of specific industry-related  
issues.

In the present investigation, adsorbent materials were 
synthesized from agro-industrial waste generated by the 
banana sector (banana peels), using different activating 
agents (NaHCO3, ZnCl2, and FeSO4·7H2O). The adsorption 
process was carried out using a simple, low-cost home-
made filter, in a continuous flow setup. The study aimed to 
elucidate the impact of chemical activation on the surface, 
morphological, and structural characteristics of the syn-
thesized adsorbents, as well as their efficiency in removing 
various heavy metals from real raw wastewater. Moreover, 
the biochars were evaluated using simultaneous adsorption 
processes for Fe2+, Zn2+, Ni+2, Cr2+ and Cu2+ present in raw 
wastewater generated by the electroplating industry; deter-
mining their maximum adsorption capacity; and compar-
ing it with CAC as a reference adsorbent. Furthermore, to 
discern the effect of each chemical agent in the adsorption 
processes of various metals, a normalization of the maxi-
mum adsorption capacity was conducted concerning several 
parameters, including the quantity of adsorbent, specific 
surface area, surface functional group type and abundance, 
pore diameter, and pore volume.

2. Materials and methods

2.1. Obtention and physico-chemical characterization of biochars

For the synthesis of the biochars, banana peels of the 
Gros Michel variety were used. These had been classified 
as rejection bananas, which did not meet the quality stan-
dards for commercialization (NTC 1190, Banana) [39]. This 
raw material was supplied by the ASOFRUCOL Trade 
Association located in Itagüí-Colombia. The waste fruit 
was pulped; the peels were washed with deionized water 
to remove impurities; they were cut with sizes of approxi-
mately 2 cm and dried for 72 h at 80°C in a convection oven; 
and finally ground in a mill and coded as USB.

Unfunctionalized biochar (UBSB) was obtained from 
USB biomass by pyrolysis in an N2 atmosphere, within a 
batch system at 5°C/min up to 600°C for 3 h. For the syn-
thesis of biochars functionalized using various activating 
agents, approximately 22.5 g of solid powdered biomass 
(USB) was weighed and mixed with 225 mL of deionized 
water and left under magnetic stirring (250 rpm) for approx-
imately 3 h at room temperature. Subsequently, the mix-
ture was transferred to a Teflon glass, which was deposited 
in a stainless-steel autoclave, taken to a convection oven 
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preheated to 190°C, and left for 6 h to produce the hydro-
char. Following the hydrothermal synthesis process, the 
hydrochar was filtered and washed with 100 mL of a 
water-ethanol mixture (3:1) and dried at 105°C for approxi-
mately 6 h. Subsequently, a certain amount of dry hydrochar 
(previously macerated) was weighed and mixed with the 
necessary amount of activating agent: NaHCO3, ZnCl2, and 
FeSO4·7H2O, to obtain an impregnation ratio of 0.75:1, 1.75:1, 
and 0.27:1 of reagent activator/hydrochar for BSBF-Na, 
BSBF-Zn, and BSBF-Fe, respectively. Subsequently, deion-
ized water was added as a solvent (30 mL per approximately 
8 g of hydrochar). Next, each solid was dried from the pre-
vious mixture at 105°C for 24 h, and then pyrolyzed under 
the same conditions described above. Once each material 
was pyrolyzed, the biochar was washed first using 0.1 M 
HCl if necessary and then with deionized water, until a pH 
value of 7.0 was obtained in the filtrate. Finally, the solids 
were dried at 105°C until a moisture content of less than 
5% was obtained. They were then stored in a dark hermetic 
container before use. All the materials were sieved through 
an ASTM 40 mesh to obtain a fine material with a homo-
geneous particle size (diameter < 0.42 mm). In addition, 
throughout the synthesis process, corresponding weigh-
ing was carried out to calculate the yields for each mate-
rial obtained. The CAC used was DARCO 20-40 type and 
produced by Norit (Norit Americas Inc.).

The dry powdered biomass, the various functionalized 
biochars, and the CAC were characterized by X-ray dif-
fraction using a Bruker diffractometer (D-8) having a Cu 
Kα radiation source, an Ni filter at 40 kV and 40 mA, and 
a wavelength equal to 1.54 Å. The diffraction intensity as a 
function of the angle 2θ was measured between 15° and 70° 
2θ using the step rate of 0.02°/min 2θ. The textural proper-
ties were determined using equipment of the Micromeritics 
Brand (ASAP 2020), through N2 adsorption–desorption iso-
therms of the bioadsorbent at 75.2 K. The Brunauer–Emmett–
Teller equation was used for determining the surface area 
based on N2 isotherms. Fourier-transform infrared spec-
tra with attenuated total reflectance (FTIR) were obtained 
using a Shimadzu IR spectrophotometer (IRAffinity-1S) 
in the range of 400–4,000 cm–1. The morphology of the bio-
chars were investigated by using a field emission scanning 
electron microscopy (SEM) in a JEOL JSM 5800 at 5.0 kV. 
The isoelectric point or point of zero charge (pzc) of the bio-
masses was determined by mass titration, which involved 
finding the asymptotic value of the pH of a bioadsorbent/
water suspension as its mass content increased. To obtain 
the pH values, a ratio of biochar/water of 20, 40, 60, 80 and 
100 mg by weight was used; the resulting pH values were 
measured after 24 h of equilibration. Finally, the concentra-
tions of phenolic, carboxylic, and lactonic surface groups 
were determined through the Boehm Method, using poten-
tiometric titrations with 0.05 M standardized solutions of 
NaOH, Na2CO2, NaHCO3 and HI-8424N Hanna Instruments  
pH Meter.

2.2. Filter construction

For the construction of the filter, recommendations from 
the literature were followed [40,41]. A homemade tubu-
lar multilayer filter was used (Fig. 1) with 1” polyvinyl 

chloride pipe and fittings. Fine silica sand and coarse sand 
from crushed volcanic material were used as filtering media. 
These materials were sieved to obtain a uniformity fac-
tor < 1.3; this ensured sufficiently homogeneous material 
and reduced backwash requirements. Both the sand and the 
gravel were manually washed 12 times with tap water until 
colorless decanted water was obtained. Subsequently, the 
materials were dried in a convection oven at 105°C for 12 h 
and stored in hermetic containers.

A filter in continuous operation was used, since it could 
represent application in wastewater generated from the 
electroplating industry to a greater extent. Also, it could 
provide practical information about the adsorption capac-
ity, regarding operating parameters such as flow rate, res-
idence time, and volume of the adsorbent. To ensure the 
flow of the filtered liquid, an adjustable peristaltic pump 
was used within a slow or biological filtration regime 
(0.08–0.6 m3/m2·h), in this case ≈ 0.03 m3/m2·h. This is 
favorable for the implementation of processes that do not 
require complex infrastructure or considerable energy 
investment. The multilayer filter (sand-adsorbent-sand-
gravel) was built using 5 cm per layer and 1.25 cm internal 
diameter [11]. The operating parameters are summarized 
in Table 2 and are set according to literature reports at 
laboratory scale and pilot scale [11,28].

2.3. Sampling and physico-chemical characterization of real raw 
wastewater from electroplating industry

The electroplating industry effluent was obtained from a 
company located in the city of Medellín. A gauging day and 
a sampling plan were implemented to obtain a representa-
tive composite sample of the effluent. The sampling session 
consisted of taking a sample volume of 2 L of raw raw real 
wastewater (RRW), every half hour for 6 h, at the outlet of 
a homogenization tank storing discharges from different 
processes. Simultaneously, physico-chemical parameters 
were measured in situ: temperature, pH, color, turbidity, and 
conductivity. Ex-situ parameters, such as chemical oxygen 
demand (COD), biochemical oxygen demand (BOD5), total 

 

Fig. 1. Diagram of the filtration system manufactured for 
adsorption processes.
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organic carbon (TOC), and heavy metals and interest were 
analyzed. All the samplings and physico-chemical charac-
terization were carried out following the Standard Methods 
of Examination of Surface Waters and Wastewater (Table 3). 
The target metals were analyzed before and after the adsorp-
tion process on the real RRW using an atomic absorption 
spectrophotometer with an air-acetylene-nitrous oxide 
flame, Agilent 240FS. Initially, the performance parameters 
of the equipment were optimized for the determination of 
each metal. Once these conditions were established, 6 stan-
dards were prepared, with each containing the 5 metals 
(Fe, Cu, Ni, Zn and Cr), in order to obtain the calibration  
curves.

2.4. Filter adsorption tests using raw industrial wastewater

The adsorption system was uniformly tested using var-
ious adsorbent materials. First, control tests were carried 
out only using sand, and without using the filtering mate-
rial or CAC. The filtering process was carried out for 6 h, 
and samples of 15 mL were taken every 8 mL throughout 
the process.

The removal percentage of each metal was evaluated 
using atomic absorption spectrophotometry and calculated 
using Eq. (1).

Removal % %� � �
�

�
C C
C

f0

0

100  (1)

where C0 and Cf are the concentration of each metal before 
and after the adsorption process, respectively.

The adsorption capacity in terms of contaminant retai-
ned per gram of adsorbent material (adsorption capacity qb) 
was determined, in units of mg/gads, using Eq. (2).

q
Q t C
mb
v�
� �
�
10 0

1000
%  (2)

where qb = adsorption capacity (mg of adsorbate per gram 
of adsorbent), Qv = volumetric flow rate (mL/min), t10% time 
(min) when the column outlet concentration is 10% of the 
concentration at filter inlet (C0), C0 = initial concentration 
(mg/L), and m = mass of adsorbent (g).

3. Results and discussion

3.1. Physico-chemical characterization of raw real wastewater

Table 3 describes the results of the physico-chemical char-
acterization of RRW. The values obtained for COD, pH, and 
total suspended solids are lower than those reported in the 
literature for wastewater of the same nature [26]. However, 
these values exceed the maximum permissible limit (MPL) 
established in Colombian Regulations. Parameters such as 
conductivity, turbidity, color, total solids, and total dissolved 
solids are not contemplated in Colombian Regulations to 
be controlled in this type of effluent, and their values are 
significantly lower than those reported in the literature 

Table 2
Constructed filter operating parameters

Parameter Value

Cross-sectional area (cm2) ≈5.0
Linear speed (cm/min) 0.42
Mass flow or flow rate (mL/min) ≈2.1
Adsorbent volume (cm3) 50.2
Residence time (min) ≈10.0
Biochar volume normalized flow (mLsln/(min·cm3

ads)) ≈0.1

Table 3
Physico-chemical parameters evaluated and applied method

Parameter/Unit Method Value TLVa [43]

pH (U of pH) AWWA-4500H+ 3.65 6–9
Temperature (°C) AWWA-4500H+ 22.5 –
Electrical conductivity (µS/cm) AWWA-2510B 20.1 –
Turbidity (UNT) AWWA-2130B 97.3 –
Colour (UPC) AWWA-2120 500 –
Total solids (mg/L) AWWA-2540B 1180 –
Total suspended solids (mg/L) AWWA-2540E 122.22 50
Total dissolved solids (mg/L) AWWA-2540C 955 –
Chemical oxygen demand (mg·O2/L) AWWA-4500C 360 250
Biochemical oxygen demand (BOD5) (mg·O2/L) AWWA-5210B 10.6 100
Total organic carbon (TOC) (mg/L) AWWA-5310B 94.6 –
Total zinc (mg·Zn/L) AWWA-3500 Zn B 18.7 3.00
Total nickel (mg·Ni/L) AWWA-3500 Ni B 10.1 0.50
Total iron (mg·Fe/L) AWWA-3500 Fe B 11.2 3.00
Total copper (mg·Cu/L) AWWA-3500 Cu B 36.7 1.00
Total chromium (mg·Cr/L) AWWA-3500 Cr B 0.44 0.5

aThreshold limit values.
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for other similar effluents [22,42]. The value obtained for 
the COD exceeds the MPL established in the Colombian 
Regulations, while the BOD5 is below the MPL. However, 
the values for both parameters are much lower than those 
reported in the bibliography for this type of wastewater. 
No data regarding TOC was found in the consulted litera-
ture. Further, this parameter has not been contemplated in 
the existing Colombian Regulations.

The calculated biodegradability index (taken as the 
BOD5/COD ratio) was 0.029, which chiefly indicates the 
presence of inorganic matter that is difficult to biodegrade, 
in this case, mainly heavy metal salts. On the contrary, the 
high value obtained for the COD/TOC ratio (3.80) indi-
cates a low content of organic compounds of a biodegrad-
able nature. Additionally, the concentration analyzed for 
various heavy metals identified (Zn, Ni, Fe, Cu, except Cr) 
exceeds the maximum permissible limits established in the 
existing Colombian Regulations.

3.2. Physico-chemical characterization of biochars

Table 4 presents the results of the characterization, cor-
responding to some physico-chemical parameters for the 
different materials evaluated, including CAC used as a ref-
erence. The yield for obtaining powdered dry biomass was 
78%, while for biochar it ranged between 30% and 50%, 
which agrees with reports in the literature [44]. The differ-
ent yield percentages show that the highest yield of 52.2%, 
higher than the non-functionalized material UBSB (38.1%) 
was achieved with the functionalized material BSBF-Na. 
This finding is similar to various studies [45] reporting 
that the high percentages of yield in obtaining biochars 
may be related to the stabilization of carbon in the bio-
char, as a result of additives added prior to the pyrolysis 
process. However, the yield for the materials BSBF-Fe and 
BSBF-Zn (31.7% and 29.6%, respectively) was lower than 
the unfunctionalized material.

Fig. 2 shows the X-ray diffractograms of various mate-
rials, wherein the USB biomass mainly shows a wide peak 
of low intensity, with a center at an angle 2θ of 21.5° and 
an almost imperceptible peak at an angle 2θ of 24°, charac-
teristic of slightly crystalline materials of cellulosic nature 
[46] made up of hemicellulose and lignin [47]. However, 
post pyrolysis, this peak disappears in the UBSB, BSBF-Na, 
BSBF-Zn, and BSBF-Fe materials, due to the decomposition of 

the biomass material [48]. In the UBSB biochar diffractogram, 
a predominant intense peak is observed at 2θ = 28.37° asso-
ciated with the turbostatic structure of carbon graphite [47]. 
The other additional peaks are related to thermally decom-
posed fullerene and kaolite. Thus, the peaks at 2θ = 30.3°, 
31.4°, 37.8° and 40.58° are attributed to kaolite, while the 
peaks at 2θ = 11.4° and 31.7° correspond to fullerenes [47]. 
The Na-modified material shows lower crystallinity, thus 
yielding a mostly amorphous material, which may be 
related to the coordination of Na ions that do not allow the 
formation of crystalline structures in the biochar [46].

CAC presents a diffractogram characteristic of this type 
of material, with a broad band in 2θ between 20° and 30° 
assigned to highly disordered graphite carbon [49], with a 
pronounced peak at 27° corresponding to the 002 plane of 
graphite [48], as well as a small peak at 21° related to quartz 
impurities in these materials [50]. The small broad peak 
centered around 42° corresponds to the 100 plane and indi-
cates small domains of ordered graphene sheets [36,47,51]. 
As in the CAC, most materials present a broad peak cen-
tered around 24°, which corresponds to the 002 plane of the 
graphite microcrystals in each biochar [52].

Fig. 3 shows the adsorption–desorption isotherms of 
each material. Here, it can be seen that, according to the 
International Union of Pure and Applied Chemistry (IUPAC) 
classification, the adsorption isotherms of all biochars are 
type II and III, with laminar-shaped pores [53,54] of the 
order of mesopores (2–50 nm). This is consistent with the 
results obtained in relation to the pore diameter (Table 4). 
Specifically, the USB and BSBF-Zn materials showed the type 
II isotherm without hysteresis, characteristic of non-porous 
solids or macroporous adsorbents. This proved that these 
two biochars correspond to non-porous materials since the 
reported pore diameters do not meet the characteristics of 
macropores (>50 nm). Further, although the reported values 
of pore diameters are characteristic of mesoporosity, these 
two materials presented the lowest value with respect to 
pore volume: 0.0055 and 0.00055 cm3/g, respectively, which 
supports low or almost zero specific surface area. Regarding 
the type of hysteresis, according to the IUPAC classification 
(H1-H5), and its relationship with the specific structure of 
the pores, it was observed that the BSBF-Na and BSBF-Fe 
materials present H3 type hysteresis, associated with aggre-
gates of particles with sheet-shaped pores. In case of the 
UBSB and CAC materials, there exists an H4 type hysteresis, 

Table 4
Physico-chemical properties of biochars

Characteristic USB UBSB BSBF-Na BSBF-Zn BSBF-Fe CAC

Global yield (% wt.) 78.24 ± 0.68 38.14 ± 0.28 52.20 ± 0.68 29.61 ± 0.54 31.74 ± 1.58 –
Specific surface area (m2/g) 2.3 154 56 0.34 378 650
Average pore volume (cm3/g) 0.0055 0.0198 0.063 0.00045 0.291 0.94
Average diameter volume (nm) 5.43 33.82 5.24 5.34 3.09 41.10
Isoelectric point 6.40 7.42 6.69 6.48 7.20 7.20
Carboxylic surface groups (µmol/g) 5.5 10.1 0 3,438 0 7.2
Lactonic surface groups (µmol/g) 453.1 3,375 0 189 0 0
Phenolic surface groups (µmol/g) 656.3 9,625 0 629 2,399 359.1
Total surface groups (µmol/g) 1,114.9 13,010.1 0 4,256 2,399 366.3
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closing the hysteresis loop at a relative pressure of 0.5, which 
indicates very narrow sheet-shaped pores, as well as the 
presence of additional micropores [54].

Other biochar characteristics commonly affected due to 
the use of activating agents are porosity, surface area, pore 
size, and volume, among others. In relation to the specific 
surface area, the dry powder biomass showed a minimum 
value of 2.3 m2/g. This is consistent with reports in the lit-
erature where significantly low values (<5 m2/g) have been 
obtained for biomasses from agro-industrial residues [55,56]. 
However, it is important to note that other reports list sig-
nificantly higher values (for example, 154 m2/g) for another 
class of biomasses, indicating that this parameter is closely 

related to the type of raw material used [52]. In relation to 
the surface area of the biochars, the results obtained in this 
study show that the material activated with Fe (BSBF-Fe) pre-
sented an increase in the value of the specific surface area, 
slightly more than double compared to the material without 
functionalization. On the other hand, in the materials chem-
ically activated with Na and Zn (BSBF-Na and BSBF-Zn), 
the opposite effect occurred, the area obtained was 56 and 
0.34 m2/g, respectively, values significantly lower than that 
of the UBSB material without functionalization (154 m2/g). 
According to some studies, different values are found in 
parameters such as surface area and porosity of similar mate-
rials, but they are synthesized under different conditions 

 
Fig. 2. X-ray diffraction patterns of bioadsorbents: (a) USB, (b) UBSB, (c) BSBF-Zn, (d) BSBF-Na, (e) BSBF-Fe and (f) CAC.

Fig. 3. Adsorption–desorption isotherms of different biochars: (a) USB, (b) UBSB, (c) BSBF-Zn, (d) BSBF-Na, (e) BSBF-Fe and (f) CAC.
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in terms of pyrolysis temperature, nature of the biomass, 
and/or biomass/activating agent ratio [23].

The Boehm analyzes are listed in Table 4, there is a sig-
nificant modification in terms of the surface composition 
(carboxylic, lactone, and phenolic acid functional groups) 
of the materials synthesized using different activating 
agents. For example, in biochar BSBS, a significant increase 
in the abundance of the three superficial functional groups 
is observed in comparison with the dry powder biomass 
(USB), which is much higher even than that obtained for the 
CAC used as reference material [57]. Numerous investiga-
tions have shown that pyrolysis increases the abundance 
of oxygenated surface groups in the biomass derived from 
aromaticity [45,58].

As for the adsorbent BSBF-Na, treatment with Na caused 
a drastic decrease in all acid surface groups (carboxylic, lac-
tonic, and phenolic). According to the literature [34], the 
use of alkalis in obtaining biochars favors the presence of 
basic active sites on the surface of the material, thus reduc-
ing acid surface groups. This behavior may be due to the 
neutralization or protonation of carboxylic groups and the 
subsequent formation of carboxylate groups. These results 
are consistent with the FTIR spectra, wherein it is observed 
that the bands around 1,150; 1,250 and 1,400 cm–1 associ-
ated with C–O, C–O–C, and C=O bonds, respectively of car-
boxylic groups disappear entirely in the material. Similar 
results were obtained from other investigations, stating 
that this phenomenon is caused by a decarboxylation pro-
cess promoted by the alkaline hydrolysis of lignin and  
hemicellulose [34].

Although in all biochars synthesized using various acti-
vating agents, the phenolic and lactonic groups decrease 
significantly compared to those of the unfunctionalized 
biochar, it is observed that the presence of Zn increases the 
carboxylic groups. Thus, the BSBF-Zn material contains a 

greater quantity of these functional groups, even greater 
than the CAC, wherein such superficial functional groups 
are not identified. The results of the Bohem method are 
coherent and agree with those obtained by the FTIR tech-
nique (Fig. 4). Fig. 4 shows that the bands associated with 
the lactonic, and phenolic functional groups decreased 
considerably while modifying materials using various acti-
vating agents, being more evident for the UBSB-Na and 
UBSB-Fe materials. Thus, it was observed that the bands 
related to different bond stretching vibrations associated 
with stronger acid groups such as carboxylic ones decreased 
in intensity or even disappeared. For example, the bands 
with bond vibrations at 1,080 cm–1 (C–O) [59], 1,515 cm–1 
(C=C) [34,35], showed a decrease in intensity or disappear-
ance in the BSBF-Na materials, BSBF-Zn, and BSBF-Fe, com-
pared to UBSB and CAC bioadsorbents. On the other hand, 
the bands at 1,730 cm–1 associated with bonds (C=O) of car-
boxylic groups [34] and 2,300 cm–1 (C=C) [35,38] remained 
relatively constant. A similar phenomenon occurs with the 
band centered at 1,400 cm–1, associated with the vibration 
of O–H bonds of the phenolic groups [35] since this band is 
not observed for the BSBF-Na, BSBF-Fe, and CAC materials. 
Additionally, the bands centered around 2,900 cm–1 associ-
ated with sp3 hybridization C–H bonds [52] and 880 cm–1 
associated with the C–H aromatic bond, and the existence of 
π electrons [35], are seen to be lower in BSBF-Na, BSBF-Fe, 
and CAC, compared to the UBSB and BSBF-Zn materials. 
This decrease is associated with the loss of available ali-
phatic groups. However, the modification of the said band 
does not show a relationship with the adsorption capacities. 
Therefore, it is evident that the presence of these species 
does not affect the adsorption processes. Thus, it is deduced 
that the adsorption processes are probably not carried out 
through the interaction of π–π bonds. On the other hand, 
the band at 2,980 cm–1 corresponding to O–H characteristic 

 
Fig. 4. Fourier-transform infrared spectrum of different biochars: (a) USB, (b) UBSB, (c) BSBF-Zn, (d) BSBF-Na, (e) BSBF-Fe and 
(f) CAC.



E. Arriola-Villaseñor et al. / Desalination and Water Treatment 314 (2023) 88–10296

of hydroxyl groups [57] and the band at 1,228 cm–1 of the 
C–O carboxylate bond [35], generally associated with weak 
negative charges, appear only in UBSB and BSBF-Zn mate-
rials. This also implies the presence of these sites; however, 

a direct relationship with the adsorption results is not  
observed either.

The morphological properties of the synthesized mate-
rials were analyzed using SEM. Fig. 5 shows variations in 

 

Fig. 5. Scanning electron microscopy images: (a1–a3) USB, (b1–b3) UBSB, (c1–c3) BSBF-Zn, (d1–d3) BSBF-Na, (e1–e3) BSBF-Fe and 
(f1–f3) CAC.
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the morphologies and particle sizes among the obtained 
materials. For example, it can be seen that the BSBF-Na sam-
ple (Fig. 5d1–d3) has a rough surface morphology with little 
or no porosity, which is consistent with the results obtained. 
On the contrary, the UBSB biochar (Fig. 5b1–b3) exhibits 
a relatively smooth and compact appearance. Again, the 
BSBF-Fe material (Fig. 5e1–e3) exhibits a more rough and 
porous structure; this can be due to the reaction of Fe and 
iron oxides with the cellulose in the biomass, which, while 
releasing gas, produces a more spongy material and there-
fore, a greater surface area.

3.3. Adsorption tests

Fig. 6 shows the profiles of the removal percentages 
for each metal following evaluation after using various 
adsorbents. In the case of Cr (Fig. 6a), the best results were 
obtained with the UBSB and CAC materials, which presented 
a similar adsorption capacity. Additionally, in both materi-
als, no significant changes were observed in the percentages 
of removal of this metal under the continuous operation of 
the filter for 6 h, thus maintaining a 100% removal in both 
cases. On the other hand, although the USB and BSBF-Fe 
adsorbents showed significantly high removal percentages 
(90%–100%) during the first 2 h of operation, they reached 
almost complete saturation in around 6 h. The remain-
ing materials (BSBF-Zn and BSBF-Na) did not reflect the 
capacity for the adsorption of this metal, since they quickly 
saturated in around 40 min.

Regarding Fe, the UBSB, CAC, BSBF-Na, and BSBF-Fe 
adsorbents reflected removal percentages of 100%; however, 
after 5 h, a gradual saturation process begins to be observed 
for the first two materials, while for the last two, this phe-
nomenon occurs rapidly after 2 h. The remaining materi-
als (BSBF-Zn and USB) did not show the capacity for Fe 

adsorption, since almost complete saturation of the material 
was observed after around 40 min.

Additionally, for Ni and Zn contaminants, it is generally 
observed that the best adsorbent is CAC, with which a high 
percentage of removal (~100%) is maintained, whereas the 
other materials show very low or no adsorption capacity. 
Finally, for Cu, high removal percentages were not observed 
with most of the materials during the time evaluated. 
Although the CAC, UBSB, and BSBF-Na adsorbents showed 
removals between 90% and 100%, these values were main-
tained only during the first 80 min, with removal percentages 
falling between 10%–20% at 5 h. Only the BSBF-Fe material 
maintained a removal close to 80% until 5 h, falling to a value 
of 30% 1 h later, while for the USB and BSBF-Zn materials, 
the removal percentages were less than 40% after the first 
operating hour.

Table 5 lists the metals in decreasing order, concerning 
their maximum adsorption capacity obtained with each 
evaluated material. The results confirm that one type of 
adsorbent under certain adsorption conditions can have a 
high capacity for the simultaneous removal of one or more 

Fig. 6. Profiles of removal percentages of the different metals with each material.

Table 5
Descending order of maximum adsorption capacity for each 
heavy metal evaluated

Material mg·metal/g·adsorbent

USB Cu2+ > Zn2+ > Ni2+ > Fe2+ > Cr3+

UBSB Fe2+ > Cu2+ > Zn2+ > Ni2+ > Cr3+

BSBF-Na Cu2+ > Fe2+ > Ni2+ > Cr3+ ≈ Zn2+

BSBF-Zn Cu2+ > Fe2+ > Cr3+ > Ni2+ ≈ Zn2+

BSBF-Fe Fe2+ > Cu2+ > Zn2+ > Ni2+ > Cr3+

CAC Zn2+ > Fe2+ > Cu2+ > Ni2+ > Cr3+
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heavy metals, while for others it does not. This indicates that 
the adsorption capacity depends on the physico-chemical 
nature of both the adsorbent and the contaminant as well as 
the type of interactions that can occur between them. Thus, 
this study cannot affirm that there exists an ideal adsorbent 
for the complete removal of all heavy metals found in the 
real wastewater analyzed. This demonstrates the impor-
tance of evaluating the effectiveness of an adsorbent in 
wastewater with a real composition. This is because varied 
competition and inhibition phenomena can occur among 
contaminants at different active sites, which can affect the 
efficiency of the adsorbents regarding each specific pollutant.

To identify the predominant characteristics of each 
material that could influence the adsorption processes of 
various metals, a normalization of the maximum adsorption 
capacity was carried out. This normalization was performed 
in relation to various parameters, such as the amount of 
adsorbent, specific surface area, type and abundance of sur-
face functional groups, pore diameter, and volume. As can 
be seen in Table 6, the materials with the highest adsorp-
tion capacity in mg·metal/g·ads for most metals were CAC 
and UBSB. These results clearly show that the presence 
of the activating agents used in the present study did not 
improve the adsorption efficiency of most of the materials, 
since the highest adsorption capacities were achieved with 
the CAC and UBSB materials, both without any chemical 
agent. Further, the values obtained for these two materials 
are very similar or are in the same order of magnitude, indi-
cating that the adsorbent that showed the best adsorption 
capacity in mg·metal/g·ads of the synthesized materials 
was UBSB (non-functionalized). This is interesting, since 
it suggests that it is unnecessary to carry out additional 
chemical activation processes: implying energy expendi-
ture, use of reagents or activating agents, and generation 
of residues, to synthesize a potentially applicable material 
for the simultaneous removal of heavy metals from real 
wastewater generated by the electroplating industry.

Numerous studies have reported that the adsorption 
capacity of materials obtained from lignocellulosic raw mate-
rials can be increased with activations and chemical treat-
ments [34]. However, it is also clear that all chemical agents 
do not positively affect the physico-chemical properties of 
materials and improve their adsorption capacities [22]. For 
example, Luo et al. [60] revealed that lignin activation of a 
corn cob biochar decreased the adsorption capacity of Cd. 
Huang et al. [23], by modifying a rice husk biochar with 
iron oxide, decreased the adsorption capacity of Cd2+ from 

58.65 to 42.48 mg/g. Similarly, Gao et al. [61] found that upon 
modifying a biochar using ammonium chloride as an acti-
vating agent, Cu adsorption capacity decreased.

Regarding the adsorption capacity based on the carbox-
ylic, lactonic, and phenolic surface groups present in each 
material, significant differences were found in terms of type 
and the abundance in each biochar. Therefore, it is quite dif-
ficult to generalize trends related to different materials. For 
example, the phenolic surface groups present in the UBSB 
could influence the adsorption process; however, these func-
tional groups are lower in the CAC, which generally showed 
the best results, whereas the material with the highest num-
ber of phenolic groups did not show the best results com-
parable with the CAC. Therefore, it is not possible to find a 
close relationship between the superficial functional groups 
and the removed contaminants based on current results. 
Additionally, most of the adsorbents presented phenolic 
groups, except for the BSBF-Na material. Thus, a normal-
ization of the maximum adsorption capacity per mmol of 
phenolic groups was performed (Table 7); however, no dif-
ference was observed in the defined trend as the said value 
varies indistinctly from the material, the type, and abun-
dance of the functional groups. Thus, in the present study, 
no direct correlation has been found between the adsorption 
of contaminants and the presence or abundance of distinct 
acid functional groups, since their behavior is similar to 
that of the other functional groups (lactonic and carboxylic).

However, when normalizing the maximum adsorp-
tion capacity of each material using the total amount 
of acid surface groups (Table 8), it was found that 
the materials with the highest adsorption capacity in 
mgmetal/mmoltotal surface functional groups, for most metals, were CAC 

Table 6
Adsorption capacity for each synthetized adsorbent in 
mgmetal/gads

Metal Adsorption capacity × 10–2 (mgmetal/gads)

USB UBSB BSBF-Na BSBF-Zn BSBF-Fe CAC

Cr 0.4 1.8 0.0 0.0 0.8 1.8
Fe 0.4 130.9 51.2 3.9 61.6 115.5
Ni 0.4 7.8 1.9 0.0 10.2 80.6
Zn 3.0 35.7 0.0 0.0 20.4 214.2
Cu 15.4 61.6 66.0 15.4 35.2 84.7

Table 7
Normalization of adsorption capacity for each synthetized ad-
sorbent in mgmetal/mmolphenolic groups

Metal Adsorption capacity (mgmetal/mmolphenolic groups)

USB UBSB BSBF-Na BSBF-Zn BSBF-Fe CAC

Cr 0.58 11.83 0.07 5.75 2.25 2.80
Fe 0.59 850.00 913.39 770.00 162.96 177.69
Ni 0.68 50.91 34.29 0.00 27.09 124.06
Zn 4.53 231.82 0.00 0.00 53.97 329.54
Cu 23.46 400.00 1,178.57 3,080.00 93.12 130.31

Table 8
Normalization of adsorption capacity for each synthetized ad-
sorbent in mgmetal/mmoltotal surface functional groups

Metal Adsorption capacity (mgmetal/mmoltotal surface functional groups)

USB UBSB BSBF-Na BSBF-Zn BSBF-Fe CAC

Cr 0.34 0.14 – 0.01 0.35 4.97
Fe 0.35 10.06 – 0.90 25.68 315.32
Ni 0.40 0.60 – 0.00 4.27 220.15
Zn 2.67 2.74 – 0.00 8.50 584.77
Cu 13.81 4.73 – 3.62 14.67 231.23
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and BSBF-Fe. These results clearly show that, on certain 
occasions, in adsorption processes, the total number of 
functional groups may be more relevant than the type of 
group present in the material.

The normalization of the adsorption capacity per m2 of 
each material (Table 9) makes it possible to determine the 
adsorption capacity of each material based on its specific sur-
face area, and to identify if this parameter is predominant 
in the present study or if there are other determining factors 
in adsorption processes. In relation to this parameter, it is 
observed that the UBSB and CAC materials present values 
close to each other, and even the UBSB yields higher values 
than the CAC in the adsorption of most contaminants despite 
having less surface area. This is interesting since it shows 
that the adsorption processes in the materials obtained in 
the present study do not show a direct relationship with the 
increase or decrease of the specific surface area. Regarding 
the other materials (USB, BSBF-Na, BSBF-Zn, BSBF-Fe), no 
specific trend is observed. Liu et al. [62] produced a bio-
char from walnut shells through pyrolysis at 550°C, using 
H3PO4 as a chemical modifier. They found that the average 
pore size decreased from 2.67 to 2.43 nm. According to the 
researchers, such changes in porosity were caused by spe-
cific interactions between the acids and the amorphous cel-
lulose. The degradation of the amorphous cellulose caused 
the pores to collapse. Hafeez et al. [63] observed a simi-
lar phenomenon. Modification of biochar using inorganic 
acids was found to cause a deterioration in its textural  
properties [62].

On the other hand, Table 10 shows that, while perform-
ing the normalization of the adsorption capacity based on 
the pore volume of the adsorbent (mg contaminant/vol pore 
adsorbent), the highest amount of adsorbed contaminant 
was obtained using the UBSB material. This shows that this 
material, despite having a smaller pore volume than the 
CAC, can retain a greater amount of the various evaluated 
pollutants.

Again, regarding the pore size of the materials and 
its relationship with adsorption results, it is evident that 
the biochars with the best adsorption results (CAC and 
UBSB) have the highest pore diameters (41.1 and 33.8 nm, 
respectively) in relation to the other materials (3.1–5.4 nm). 
Similarly, with respect to pore volume, the materials that 
showed the lowest performance in terms of adsorption 
capacity and % removal (USB and BSBF-Zn) also showed 
the smallest pore volumes (0.0055 and 0.00045 cm3/g, respec-
tively). Initially, it might be assumed that, since the diameters 

of the hydrated ions [0.6 nm for Cu(II), Zn(II), Ni(II), Fe(II) 
and 0.9 nm for Cr(III)] are significantly smaller than the pore 
diameters, these might not constitute a determining factor. 
However, the results suggest that it is possible to find a rela-
tionship between the diameter and the pore volume and 
the adsorption capacity, wherein the material that shows 
the best CAC results also has the largest diameter and pore 
volume. Thus, while diameter and pore volume may not be 
the only factors that affect the adsorption process, they do 
seem to have a great effect, according to the present study.

The normalization of adsorption capacity with respect to 
various parameters clearly shows that the maximum adsorp-
tion capacity of various materials is complex and does not 
depend on a single parameter. Apparently, it is not always 
necessary to carry out a chemical modification of the bio-
char to achieve high adsorption capacities. For instance, an 
unfunctionalized biochar had a significantly high adsorp-
tion capacity with respect to the other synthesized materi-
als and was comparable to CAC. By comparing the UBSB 
and CAC materials in terms of pore volume (0.0198 vs. 
0.94 cm3/g, respectively) and their general adsorption capac-
ities, it can be assumed that procuring a material of ligno-
cellulosic origin with greater pore volume could overcome 
the CAC challenges.

Finally, regarding the adsorption mechanisms for the 
removal of various metals, given the differences and com-
plexity in the surface composition of each adsorbent and the 
various interactions that can occur between the adsorbate 
and the adsorbent, it is not possible to fully elucidate the 
mechanisms of these adsorption processes. In the literature, 
various phenomena or mechanisms have been proposed 
to explain how adsorbent heavy metals of a nature similar 
to those synthesized in the present work behave: electro-
static interaction (attraction or repulsion), ionic exchange, 
surface precipitation, and physical adsorption [18,22]. This 
depends both on the surface composition of the material 
and on the chemical nature of the adsorbate. Knowledge 
of the isoelectric point and the type and concentration of 
functional groups present in the material is key to elucidat-
ing the most predominant mechanisms in the adsorption 
process. Regarding the value corresponding to the isoelec-
tric point, it can be observed that it oscillates between 6.4 
and 7.4 in all materials (Table 4); these values are very close 
to neutral pH, which is consistent with the literature [56]. 
Accordingly, it would be expected that, at pH values of the 
wastewater below the isoelectric point, the adsorption of 
anionic species would be favored, since the surface of the 

Table 9
Normalization of adsorption capacity for each synthetized ad-
sorbent in mgmetal/m2

Adsorption capacity (mgmetal/m2)

Metal USB UBSB BSBF-Na BSBF-Zn BSBF-Fe CAC

Cr 1.67 0.12 0.00 0.06 0.02 0.03
Fe 1.67 8.50 9.13 7.70 1.63 1.78
Ni 1.95 0.51 0.34 0.00 0.27 1.24
Zn 12.93 2.32 0.00 0.00 0.54 3.30
Cu 66.96 4.00 11.79 30.80 0.93 1.30

Table 10
Normalization of adsorption capacity for each synthetized ad-
sorbent in mgmetal/cm3 pore

Metal Adsorption capacity (mgmetal/cm3 pore)

USB UBSB BSBF-Na BSBF-Zn BSBF-Fe CAC

Cr 0.70 0.92 0.00 0.64 0.03 0.02
Fe 0.70 66.11 8.12 85.56 2.12 1.23
Ni 0.81 3.96 0.30 0.00 0.35 0.86
Zn 5.41 18.03 0.00 0.00 0.70 2.28
Cu 28.00 31.11 10.48 342.22 1.21 0.90
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materials would be positively charged. However, the specia-
tion diagrams obtained for the metals analyzed show that 
they are found predominantly in their lowest valence cat-
ionic form (Fe2+, Cu2+, Ni2+, Cr3+ and Zn2+). Thus, according 
to the pH value of the wastewater (3.65), it may be expected 
that there would be a process of electrostatic repulsion. 
This suggests that other phenomena prevail regarding 
the removal of metals using the materials evaluated in the  
present study.

Although very encouraging results were achieved in 
this research, other problems and challenges inevitably will 
come out. The first issue is related to adsorbent regenera-
tion. How to effectively desorb the pollutants adsorbed on 
the biochar for subsequent safe treatment and the recycling 
of the adsorbed metals are well are the issues that need to 
be considered since the regeneration could enhance the eco-
nomic and environmental sustainability of adsorption pro-
cesses. The second is the issue of environmental risks. The 
stability and environmental risk of saturated biochar with 
pollutants have become the focus of current research. The 
third is the improvement of textural and morphological 
characteristics of the biochars. The fourth is on the adsorp-
tion mechanism of biochar using real wastewater. How the 
pollutants are absorbed in biochar still needs more in-depth 
research. Many existing studies have explained this because 
of several interacting mechanisms. However, it is still unclear 
which mechanism plays a leading role and how much it 
contributes. Clarifying these issues is of great significance 
for improving the adsorption capacity and environmen-
tal applications of the adsorbents. At the same time, the 
solution to these problems is also the key to future indus-
trialization applications. Future research should focus on 
solving these problems mentioned above. In summary, the 
research and development prospects of unmodified biochar 
in the treatment of real wastewater are promising.

4. Conclusions

The results of the maximum adsorption capacities for 
each metal using each synthesized material show that a type 
of adsorbent under certain adsorption conditions can have a 
high capacity for the simultaneous removal of one or more 
heavy metals, while for others it might not. Therefore, in 
this study, it is not possible to affirm that there is an ideal 
adsorbent for the complete removal of all heavy metals 
found in the real wastewater analyzed. This demonstrates 
the importance of evaluating the effectiveness of an adsor-
bent by using real effluents, in order to elucidate various 
phenomena of competition and inhibition among contami-
nants in active sites.

The maximum adsorption capacities for most of the 
metals were obtained by using the adsorbent without any 
chemical agent. In addition, the values obtained for this 
material are comparable with those of CAC. This is inter-
esting, since it is not necessary to carry out additional pro-
cesses of chemical activation that imply energy expenditure, 
use of reagents, and waste generation. Also, it is replacing 
CAC with materials derived from agro-industrial waste is 
an attractive option. However, such research must con-
tinue to be carried out, not only with wastewater from the 
electroplating sector but also with effluents from other 

productive sectors. This would provide technical and eco-
nomic bases for the application of these adsorbents in the 
decontamination of effluents and simultaneous minimi-
zation of the environmental impacts of the manufacturing 
sector. Additionally, it is difficult to compare the results of 
this study with other investigations since there are very few 
explorations regarding the adsorption processes for such 
real effluents. Further, it is not possible to radically affirm 
that the adsorbents obtained are ideal for removing heavy 
metals present in any wastewater generated from the elec-
troplating sector, with the same efficiency. This is because 
manufacturing processes change over time and hence the 
physico-chemical characteristics of the RRW become ran-
dom. However, the results of this study show that it is pos-
sible to use cheap adsorbents for the efficient and simulta-
neous removal of heavy metals, without the involvement 
of expensive, polluting, and complex chemical processes.

The environmental significance of this research is sup-
ported by the high adsorption capacities shown by the 
unfunctionalized adsorbent obtained from agricultural 
waste for the removal of high concentration levels of differ-
ent toxic heavy metals present in real wastewater, this is a 
novel proposal because most studies using synthetic waste-
water in which one or few metal types are present. However, 
the achieved conditions for the optimal removal of con-
taminant removal in laboratory experiments can be often 
difficult to control and maintain in real field conditions. 
Therefore, future studies should also focus on the pilot-scale 
process. Additionally, for future investigations, including 
more attention to impacts of operational and environmen-
tal factors, more economical calculations as well as isotherm 
studies on the prepared materials. The best techniques to 
achieve efficient metals recovery with less environmental 
impact and low cost are still under development and should 
be considered in future research. Furthermore, disposal of 
such adsorbents after the adsorption process is a big chal-
lenge to avoid environmental risks.
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