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a b s t r a c t
In this research, blackberry (Rubus L.) pomace obtained during processing in the food indus-
try was used to analyze the possibility of removing Cu(II) ions in biosorption processes. 
The properties of the biomaterial have been determined using selected analytical methods, such 
as elemental composition and mapping using scanning electron microscopy-energy dispersive 
X-ray spectroscopy, X-ray diffraction, surface area and pore volume analysis (Brunauer–Emmett–
Teller, Barrett–Joyner–Halenda), thermogravimetry, electrokinetic zeta potential, scanning 
electron microscopy morphology and Fourier-transform infrared spectrophotometry. Several fac-
tors influencing the efficiency of the process were analyzed, such as biosorbent dosage, initial 
pH, initial metal concentration and contact time. As a result of the conducted research, the max-
imum biosorption efficiency was obtained at the level of 99.03%. The analysis of kinetics and the 
determined isotherms showed that the pseudo- second-order equation model and the Langmuir 
isotherm model best suited this process. To sum up, on the basis of the conducted experiments, 
blackberry biomass may be a suitable material for the effective removal of copper from wastewater 
and the improvement of water quality. This research is in line with current trends in the concepts 
of circular economy, sustainable development and climate neutrality.

Keywords:  Water quality; Waste management; Cleaner environment; Biosorption efficiency; Blackberry 
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1. Introduction

Globalization, dynamic development of industry and 
urbanization, as well as commercialization and consum-
erism, constantly cause serious environmental problems, 
such as discharge of municipal and industrial wastewater, 
which pollute aquatic environment [1]. Contamination of 
water reservoirs with heavy metals is one of the most dan-
gerous environmental threats. Heavy metals threaten liv-
ing organisms and human health and life due to their toxic-
ity even in very low concentrations. They are highly toxic, 
non-biodegradable and released into the aquatic envi-
ronment as a result of industrial activities are dangerous 

when they exceed permissible limits [2]. Copper is one of 
the most used metals in the world (next to iron and alu-
minum), and at the same time one of the most toxic ele-
ments, having a negative impact on the environment and 
human health [3]. Copper is essential for organisms to live, 
however its increased concentration levels damage cells 
and lead to Wilson’s disease, hemolysis, hepatotoxic and 
nephrotoxic effects, extensive damage to the capillaries 
and the central nervous system as well as it causes many 
toxic and harmful effects by accumulating in brain, liver, 
pancreas and heart muscle [4,5]. Inhaling vapors contain-
ing Cu(II) ions may cause irritation, headache, dizziness, 
upset stomach, vomiting and diarrhea. In the case of oral 
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poisoning, there are symptoms of renal failure, and in the 
most severe cases, there is loss of consciousness and other 
disorders, even leading to loss of life [6]. The level of cop-
per in the environment increases as a result of emissions 
from various industries, mining and production processes, 
fertilizer production and paper pulp as well as other 
human activities [7]. In waste and industrial wastewater, 
copper occurs mainly in the form of the divalent Cu(II) 
metal, which appears to be the most toxic. The ionic form 
is soluble in water and can be absorbed by living organ-
isms. Due to the presence of Cu(II) toxicity, the United 
States Environmental Protection Agency (USEPA) has rec-
ommended a threshold concentration limit, defined as the 
maximum level of contamination at the level of 1.3 mg/L [8].

Treatment of metal-contaminated wastewater is usually 
done by various advanced and expensive technologies, such 
as solvent extraction, chemical precipitation, oxidation– 
reduction, electrodialysis, reverse osmosis, membrane 
techniques and ion exchange. Due to the high cost of these 
techniques, the search for cheaper and economical tech-
nologies is constantly being carried out. Undoubtedly, the 
biosorption process is one of them due to its low cost, ease 
of operation, no requirements for expensive equipment 
and versatility. In these processes, the biomass of various 
origins is used as a biosorbent, the use of which to remove 
heavy metals from the aquatic environment has been of 
great interest in recent years and is considered an extremely 
important matter for the future of the natural environment. 
Agricultural and municipal waste, as well as plant biomass, 
are rich in fibers capable of binding metal ions due to the 
presence of various functional groups, such as carbonyl, 
hydroxyl, carboxyl or amine groups. Many mechanisms can 
take place during the biosorption process, including physical 
interaction, chemisorption, ion exchange or complexation of 
metal ions to the functional groups of a biosorbent [9–15].

Food processing waste, including blackberry residues, 
is a promising biosorbent. Blackberries are mostly eaten 
fresh, but also can be processed and sold as freeze-dried, 
bulk frozen, puree as well as a juice, drink, or concentrate. 
In the industry, blackberries are used in the production 
of marmalade, jams, ice cream, dietary supplements and 
other confectionery and diet products [16]. The interest in 
blackberry and its waste is high due to the content of useful 
ingredients, such as ellagitannins, anthocyanins, vitamins, 
iron as well as other phenolic compounds (lignans, procy-
anidins, flavan-3-ols) that contribute to its high antioxidant 
capacity in ability to absorb oxygen radicals [17].

Strik et al. [18] reported that in 2005 global area planted 
and production of blackberry was estimated at 20,035 ha 
and 1,546,439 tons, with the highest production in Europe 
(7,692 ha, 47,399 tons) and North America (7,159 ha, 
651,713 tons). Current data from 2020 indicate that the larg-
est exporters of blackberries in the world are Spain (23.7% 
share), Mexico (18.3%), the United States (16.2%), Morocco 
(11.4%), Portugal (10.8%), the Netherlands (9.2%), Germany 
(1.9%), Belgium (1.9%), France (1.9%), South Africa (0.8%), 
Poland (0.8%), Guatemala (0.6%), Italy (0.5%), Serbia (0.5%) 
and United Kingdom (0.3%) [19]. It is estimated that about 
25%–30% of the total weight of processed fruit and veg-
etables is waste from the food industry [20]. These huge 
amounts of waste need to be recycled and one alternative 

could be the use in biosorption processes to remove metal 
ions from wastewater and improve water quality.

The aim of this research was to study the possibility of 
removal of Cu(II) ions from water by the use of blackberry 
(Rubus L.) residues obtained from the processing in the 
food industry in Poland. The following factors, such as ini-
tial concentration of Cu(II) ions, biosorbent dosage, contact 
time, initial and equilibrium pH of tested solutions will 
be examined in the experiments in terms of their influ-
ence on biosorption processes. In addition, the goal was 
also to characterize the blackberry material by examining 
physico-chemical properties using several research methods 
such as elemental composition and mapping using scanning 
electron microscopy-energy dispersive X-ray spectros-
copy (SEM-EDX) analysis, X-ray diffraction (XRD), specific 
surface area and pore volume (Brunauer–Emmett–Teller, 
Barrett–Joyner–Halenda), thermogravimetry, electrokinetic 
zeta potential, scanning electron microscopy (SEM) mor-
phology, Fourier-transform infrared spectroscopy (FTIR). 
Furthermore, the purpose was to study adsorption kinetics 
by analyzing pseudo-first-order and pseudo-second-order 
reaction models as well as to describe equilibrium isotherms 
by the use of the Langmuir and Freundlich isotherm models.

2. Experimental procedure

2.1. Materials and methods

2.1.1. Blackberry preparation

Blackberry (Rubus L.) residues were produced during 
processing in the food industry in Poland and used in these 
research studies. The process of crumbling, sieving and 
separation of biomass into different fractions was applied. 
Next, it was dried at a temperature of 60°C and stored in 
an exsiccator. The experiments were performed in triplicate 
and distilled water was used.

2.1.2. Blackberry residues characterization

In the experiments, blackberry biomass particles with a 
diameter less than 0.212 mm were used. In the beginning, 
chemical and physical properties of the tested material were 
analyzed using several methods, such as total phenolic con-
tent (TPC), total antioxidant capacity, high-performance 
liquid chromatography (HPLC), the elemental composi-
tion and mapping using SEM-EDX analysis, XRD, specific 
surface area and pore volume (Brunauer–Emmett–Teller, 
Barrett–Joyner–Halenda), thermogravimetry, electrokinetic 
zeta potential, SEM morphology, FTIR spectrometry. 
The characteristics of the research methods and appara-
tus have been attached to this article as supplementary 
material (SM Methods).

2.1.3. Cu(II) adsorption process

Blackberry residues were tested for the possibility of 
the removal of copper(II) ions from aqueous solutions in 
batch experiments at room temperature (T = 23°C ± 1°C). 
For this reason, Cu(II) ions with analytical purity 
(standard for AAS 1 g/L, Sigma-Aldrich (Germany)) 
were applied. The blackberry residues (sample weight 
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in the range of 2.5–100 g/L) and a volume of Cu(II) solu-
tion (concentration in the range of 2.5–100 mg/L) at spe-
cific pH (2–5) were shaken in conical flasks for 60 min at 
rotation speed 150 rpm. The pH of Cu(II) initial solutions 
was adjusted with 0.1 M HCl and NaOH. Subsequently, 
phase separation was performed by centrifugation at 
4,000 rpm. In the next phase, after biosorption in solu-
tions separated from biomass, the concentration of Cu(II) 
ions (mg/L) was analyzed using the atomic absorption 
spectrophotometer SpectrAA 800 (F-AAS, at a wave-
length λ = 324.8 nm for copper, Varian, Palo Alto, USA). 
The measurements were performed in triplicate and 
average results were finally reported.

The bioremoval efficiency R (%) and sorption capac-
ity qe (mg/g) was determined based on Eqs. (1) and (2), 
respectively:
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where C0 and Ce (mg/L) are initial and equilibrium Cu(II) ion 
concentrations, respectively; V (L) is the volume of solution 
and m (g) is the mass of blackberry biomass.

Isotherms and kinetics were determined using pseudo- 
first-order and pseudo-second-order, Langmuir and Freundlich 
models according to Eqs. (3)–(6), respectively:
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where qt (mg/g) is the amount of Cu(II) ions adsorbed at any 
time t (min); qe (mg/g) is the maximum amount of Cu(II) 
ions adsorbed per mass of the biosorbent at equilibrium; 
k1 (min–1) is the rate constant of pseudo-first-order adsorp-
tion; k2 [g/(mg min)] is the rate constant of pseudo-second- 
order adsorption; qmax (mg/g) is the maximum adsorption 
capacity; KL is the Langmuir constant; Ce (mg/L) is the equi-
librium concentration after the adsorption process; KF is the 
Freundlich constant and 1/n is the intensity of adsorption.

3. Results and discussion

3.1. Characterization of the biosorbent

In these studies, the blackberry biomaterial has been 
characterized using several analytical methods. Firstly, TPC 
was determined using the Folin–Ciocalteu’s reagent and the 
result was 18.87 ± 0.12 mg/g in the dry mass of blackberry. 
Next, the total antioxidant capacity was determined using the 

ferric reducing ability of the plasma method and was equal to 
132.41 ± 0.17 µmol AA/g (where AA is L-ascorbic acid).

In the next studies, dried blackberry material was 
extracted and analyzed using the HPLC method by 
comparing the retention times with standard chemical 
compounds in order to identify phenolic substances. Based 
on the analysis, the following chemicals were identified in 
the samples salicylic acid, syringic acid, ellagic acid, gallic 
acid, 3,4-dihydroxybenzoic acid, chlorogenic acid, ferulic 
acid, and salicylic acid, meta-, para- and ortho-coumaric 
acid, gallocatechin, catechin, vanillic acid, resveratrol. 
Some of these substances can be involved in the binding of 
metal ions in adsorption processes. Their presence in the 
blackberry material has also been confirmed in the liter-
ature. Various properties and compositions of raw black-
berry in a 100 g sample are presented in Tables 1 [21] and S2 
according to the United States Department of Agriculture 
(USDA) and the literature, respectively. Additionally, other 
authors published research results on composition in the 
literature. Vaillant [24] reported that protein content in 
blackberry fruit is small (approximately 1/100 g) and these 
substances are mainly membrane proteins from enzymes 
and cell walls involved in the metabolism of sugars, 
amino and organic acids. In addition, oxygen-scavenging 
enzymes were detected in blackberry juice, such as ascor-
bate peroxidase, dehydroascorbate reductase, glutathione 
peroxidase, glutathione reductase, glutathione, guaiacol 
peroxidase, monodehydroascorbate reductase and super-
oxide dismutase [25]. The main organic acid is malic acid 
and only traces of citric acid were reported [26]. The main 
role of organic acids is that they can help to preserve 
the bioactive compounds in the fruit during transforma-
tion and storage processes [24]. The dietary fiber content 
depends mainly on the degree of maturity of the fruit 
and is around 3–5 g/100 g. Dietary fibers, such as parietal 
polysaccharides, are mostly found in seeds and recepta-
cles. Cellulose (2.2/100 g), pectin (0.3%) and xylose-based 
polymers are the main components of cell walls [27]. The 
content of arabinose and galactose derivatives is low [24]. 
The main ellagitannins include sanguiin H6, lambertianin 
C and oligomeric forms as well as other compounds were 
also reported, such as vescalagin, castalagin, pedunculagin, 
and lambertinanin A, D [28]. All ellagitannins are hydro-
lyzable tannins formed by hexahydroxydiphenic acid (the 
main backbone of the compound) and gallic acid [29]. 
Anthocyanins are one of the most important compounds 
in blackberries and are mainly responsible for their color. 
As the fruit ripens, these pigments increase in concentra-
tion significantly. The main anthocyanins mainly include 
cyaniding, however other compounds were also reported 
such as malvidin, pelargonidin, peonidin and delphinidin. 
Anthocyanidin units are attached to sugar moieties (glucose 
or disaccharide), to which aromatic or aliphatic acids can 
also be attached [30]. The main flavonoids are querce-
tin and catechin with all their derivatives. Furthermore, 
myricetin, kaempferol [31] and proanthocyanidin dimers 
up to hexamers (mainly in seeds) [27,32] were also reported 
in trace amounts. Phenolic acids include mainly hydroxy-
benzoic and hydroxycinnamic acids, derivatives of gallic 
acids, ferulic acid, p-coumaric acid, ellagic acid [22,23,27]. 
They occur also in conjugated forms, such as esters and 
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glycosides. Conjugated forms of hydroxycinnamic acids in 
lesser amounts (sinapic, caftaric and caffeic acids), as well 
as hydroxybenzoic acids (gentisic, syringic, salicylic, pro-
tocatechuic, vanillic, p-hydroxybenzoic acids), were also 
noted [27,31]. Secoisolariciresinol is recognized as the main 
lignan as well as matairesinol present in minor amounts 
[24,33]. Lipophilic compounds are mainly included in 
blackberry seeds (approx. 10% of the fresh fruit weight). 

14%–15% oil is contained in blackberry seeds, in which a 
general content of lipids is equal to approx. 500 mg/100 g 
[24]. The enormous diversity in the chemical structures of 
blackberry biomass components (the presence of cellulose, 
lipids, proteins, carbohydrates, simple sugars, etc.) creates 
conditions that favor the binding of metal ions with the use 
of many functional groups, including phenolic, carboxyl, 
hydroxyl and others.

Elemental composition was determined using the 
SEM-EDX method (Fig. 1). The peaks present in the spec-
trum correspond to the elements, such as C, O, Mg, Al, 
Si, P, S, K, Ca, Fe and Cu, the composition of which was 
determined and shown in Table 2. As it is seen, the larg-
est amounts are the elements carbon and oxygen, which 
is characteristic of organic matter. The determination of 
the content of elements was possible thanks to the num-
ber of counts in the energy-dispersive X-ray spectroscopy 
(EDX) microanalysis. Due to the fact that blackberry bio-
mass is not a homogeneous material, slight quantitative 
differences in the composition may occur at each measur-
ing point on the material surface. In addition, the SEM-EDX 
mapping method using a backscattered detector was used 
to determine the distribution of various elements on the 
material. Based on the analysis, different distribution of the 
particular elements (C, O, Mg, Al, Si, P, S, K, Ca, Fe, Cu) 
was observed. The intensity of the distribution varies and 
depends on the type of element and material properties 
(Fig. S1). It should be mentioned that the presence of copper 
in the examined blackberry residues is already useful infor-
mation that this biomass is capable of binding Cu(II) ions.

X-ray diffraction analysis was performed and the dif-
fractogram of the mineralogical composition of the bio-
mass is attached as supplementary material of these studies 
(Fig. S2). In this analysis, in accordance with the inten-
sity of reflexes, the approximate content of the individual 
phases was determined and presented. The basic phases 
of blackberry pomace are the following: quartz (SiO2, 
49.08%), whewellite (CaC2O4·H2O, 31.46%), whewellite (syn. 
CaC2O4·H2O, 19.46%).

The Brunauer–Emmett–Teller (BET) analysis was car-
ried out and such isotherms as the low-temperature BET 
adsorption and desorption isotherm, the pore volume dis-
tribution (Barrett–Joyner–Halenda method) for adsorption 
and desorption as well as adsorption cumulative pore area, 
desorption cumulative pore volume (the Barrett–Joyner–
Halenda method) were determined (Figs. S3–S9). The 
parameters obtained, such as specific surface area (SBET), 
the volume of the pores (Vp) and average pore diameter 
(Apd), are presented in Table 3. Adsorption and desorption 
isotherms correspond to type II adsorption behavior. Its 
intermediate flat portion of the curve relates to the forma-
tion of a monolayer. Pores with a diameter ranging from 
2.0 to 50 nm were identified in the biomass, which means 
that they have been classified as mesopores [34].

Thermogravimetric analysis was carried out at a tem-
perature ranging from 29°C to 600°C (Fig. S10). As a result 
of these measurements, a gradual loss of weight of the 
biomass material with increasing temperature was observed. 
The first phase of decomposition of the blackberry pomace 
occurred in the temperature range from 30°C to 120°C, and 
the second in the range of about 180°C–500°C, as shown 

Table 1
Various properties and composition of raw blackberry in a 100 g 
sample according to United States Department of Agriculture 
(USDA) [21]

Blackberry ingredients or 
properties

Content in a 100 g sample 
of raw blackberry

Calories 43–64 kcal
Water 85.5–91.9 g
Proteins 1.18–1.64 g
Lipids 0.37–0.63 g
Carbohydrates 9.61 g
Fibers 2.3–6.7 g
Sugars (Total) 3.04–6.35 g
Sucrose 0–0.14 g
Glucose 1.53–3.02 g
Fructose 1.51–3.05 g
Maltose 0–0.14 g
Galactose 0–0.11 g
Calcium (Ca) 14–44 mg
Iron (Fe) 0.33–0.78 mg
Magnesium (Mg) 19–25 mg
Phosphorus (P) 15–31 mg
Potassium (K) 159–164 mg
Sodium (Na) 1 mg
Zinc (Zn) 0.42–0.64 mg
Copper (Cu) 0.038–0.259 mg
Manganese (Mn) 0.23–1.44 mg
Selenium (Se) 0.1–0.7 µg
Vitamin C 21 mg
Thiamin 0.015–0.028 mg
Riboflavin 0.02–0.036 mg
Niacin 0.495–0.742 mg
Pantothenic acid 0.217–0.347 mg
Vitamin B6 0.024–0.036 mg
Vitamin B9 (folic acid) 11–34 mg
Folate (total) 20–31 µg
Choline (total) 8.5 mg
Betaine 0.3 mg
Vitamin A 3–17 µg
Carotene (beta) 40–204 µg
Lutein + Zeaxanthin 87–139 µg
Vitamin E 0.56–1.83 mg
Tocopherol (total) 1.51–2.67 mg
Vitamin K 14.7–25.1 µg
Fatty acids (total saturated) 0.014 g
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by the thermogravimetric analysis and differential thermal 
gravimetric (DTG) analysis curves. In the first stage, there 
was a slight decrease in weight equal to approx. 1.73%, 
which may result from evaporation of adsorbed water from 
the pomace sample. In the next phase, greater weight loss 
(approx. 37.88%) was observed, which was a consequence 
of the pyrolysis process (CO2 release) and the evaporation 

of volatile substances. Jacques et al. [35] reported that in 
their studies the following volatile compounds were iden-
tified in blackberry: methyl ethyl ketone, heptane, toluene, 
hexanal, 2-hexenal, heptanal, 2-heptanone, 2-heptanol, 
methyl hexanoate, α-thujene, α-pinene, camphene, heptenal, 
benzaldehyde, 1-heptanol, β-myrcene, ethyl hexanoate, 
octanal, α-phellandrene, terpinolene, limonene, α-terpinene, 
1-octanol, linalool oxide, ocimene, linalool, nonanal, trans- 

limonene oxide, isopinocarveol, nonenal, isoborneol, ethyl 
benzoate, terpinen-4-ol, p-cymen-8-ol, α-terpineol, methyl 
salicylate, decanal, verbenone, p-mentenal, (-)-carvone, 
geraniol, vitispirane, theaspirane, α-copaene and damasce-
none. Some or most of these substances may have evapo-
rated within the temperature range of this process. At the 
temperature of 347°C, the thermogram shows a very intense 
peak (DTG) that relates to the breakdown of lipids, carbo-
hydrates and proteins. Similar research results have been 
published in the literature [36,37].

The analysis of electrokinetic zeta potential (EZP) was 
carried out by combining electrophoresis and measuring the 
velocity of particles in liquid with a red laser (λ = 633 nm) 
based on the Doppler Effect (LDV). Determining this 
parameter is important for many industrial activities, 
including wastewater treatment in terms of environmental 
protection. EZP measurement is a useful method that can 
provide information about the interface of a material sur-
face solution. This parameter can be used to predict and 

Fig. 1. SEM-EDX spectrum of blackberry residues.

Table 2
Average elemental composition of blackberry (determined by 
EDX microanalyzer)

Elements Content, weight (%) Content, atomic (%)

C 44.13 ± 1.73 52.71 ± 1.68
O 49.55 ± 1.47 44.48 ± 1.49
Mg 0.31 ± 0.09 0.18 ± 0.05
Al 2.06 ± 0.35 0.10 ± 0.191
Si 0.52 ± 0.07 0.27 ± 0.05
P 0.38 ± 0.07 0.18 ± 0.03
S 0.22 ± 0.01 0.10 ± 0.01
K 0.62 ± 0.14 0.23 ± 0.05
Ca 1.78 ± 0.08 0.64 ± 0.09
Fe 0.36 ± 0.09 0.09 ± 0.01
Cu 0.34 ± 0.040 0.08 ± 0.01

Table 3
Adsorption and desorption parameters of blackberry residues

Parameters Values

BET specific surface area (SBET) [m2/g] 0.1930
Barrett–Joyner–Halenda adsorption volume of pores (Vpa) [cm3/g] 0.000152
Barrett–Joyner–Halenda desorption volume of pores (Vpd) [cm3/g] 0.000208
Barrett–Joyner–Halenda adsorption pore diameter (Apa) [nm] 10.266
Barrett–Joyner–Halenda desorption pore diameter (Apa) [nm] 11.0427



179T. Kalak / Desalination and Water Treatment 238 (2021) 174–197

control the stability of emulsions and suspensions, helping 
to understand the processes of aggregation and dispersion. 
This indicates the presence or absence of charged particles 
on the surface of materials and can therefore affect their 
performance and characteristics in suspension. The elec-
trostatic charge value of EZP affects product specification, 
quality control and process control. This can ensure that 
relevant product performance and quality are maintained 
and improved. Furthermore, the importance of EZP for 
many applications has led to the development of various 
theories. Smoluchowski developed the theory on the rela-
tionship between EZP and electrophoretic mobility for very 
large rigid colloidal particles covered with a thin poly-
mer layer [38]. On the other hand, Ohshima [39] proposed 
the soft particles theory, which determines the behavior 
of hard particles covered with an ion-permeable surface 
layer of polyelectrolytes. It makes it possible to determine 
the influence of surface charge on the metal ion sorption 
process and to determine its efficiency [40]. According to 
the literature, the aqueous slurry is more stable at higher 
zeta potential values, as electrostatically charged parti-
cles repel each other, overcoming the tendency to aggre-
gate and agglomerate [41,42]. These studies showed that 
pH values had an influence on the surface charge, which 
gradually decreased from –3.18 mV (pH 2.05) to –30.3 mV 
(pH 6.92) (Fig. 2). The isoelectric point (IEP) is set at the 
zero points (no electrical charge) and represents the equi-
librium balance between negative and positive ions (the 
system is the least stable). At the IEP point, the particles of 
the suspension are characterized by the lowest solubility, 
viscosity and osmotic pressure. In this analysis, the electro-
static charge did not reach the IEP and took only negative 
values below the IEP. This means that there is an advan-
tage of positively charged particles over negatively charged 
ones on the biomass surface in the pH range from 2.0 to 7.0.

3.2. Biosorption studies of Cu(II) ions

3.2.1. Effect of biosorbent dosage

Biosorbent dosage is an important parameter deter-
mining equilibrium between biosorbent and sorbate in the 
system, hence it is taken into account in sorption analysis. 

Therefore, the influence of blackberry dosage on biosorption 
efficiency of Cu(II) ions was investigated and Fig. 3 shows 
the results. The following conditions were used during 
the research: initial concentration of Cu(II) ions 10.0 mg/L, 
pH 2–5, agitation speed 150 rpm, T = 23°C ± 1°C, contact 
time 60 min. In general, increasing blackberry dosage up 
to 40 g/L increased the biosorption efficiency. The results 
clearly show that the maximum sorption was reported at the 
dose of 40 g/L: 87.7% (pH 2), 92.5% (pH 3), 97.98% (pH 4), 
95.4% (pH 5). Further increasing the dose of blackberry was 
not necessary as no further improvement was observed and 
optimization of the process was achieved. Besides, biosorp-
tion capacity decreased from 9.43 mg/g (dose 1 g/L, pH 4) to 
0.22 mg/g (dose 40 g/L, pH 2) (Fig. 3b). The parameter was the 
highest at the smallest doses (1 g/L), while Cu(II) removal (%) 
was the lowest, which means that the saturation value was 
reached. This phenomenon can be attributed to the increased 
surface area of blackberry biosorbent, availability of more 
sorption sites as well as it may result from completed inter-
actions of some factors. The decrease in biosorption capacity 
in the subsequent reactions can be attributed to aggregation 
or overlapping of active sites, resulting in a reduction in the 
total surface area of the biosorbent. At high sorbent dosages, 
the available amount of Cu(II) ions is insufficient to cover all 
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active sites on the biosorbent, which usually results in low 
absorption capacity. The results obtained in this way can 
be explained by the fact that biosorption capacity depends 
on both the concentration of adsorbed Cu(II) ions and bio-
mass dosages. Analyzing all the results, the optimal value of 
biosorbent dosage can be estimated at 5 g/L at pH 4 (97%). 
In addition, under different pH and sorbent dosage condi-
tions, the level of maximum sorption efficiency began to sta-
bilize and was as follows: 40 g/L at pH 2 (87.7%) as well as 
20 g/L at pH 3 (90.2%) and 5 (91.4%). These research results 
are similar to those published in the literature [6,37,43–47].

3.2.2. Effect of initial concentration of Cu(II)

Adsorption behavior under the different initial con-
centrations of Cu(II) ions was studied and the results are 
presented in Fig. 4. After analyzing the previous research 
results, it was decided to apply the following experi-
mental conditions: initial concentration of Cu(II) ions 
(2.5–50 mg/L), adsorbent dosages 1–40 g/L, initial pH 4, 
contact time 60 min, rotation speed 150 rpm, T = 23°C ± 1°C. 
An increase in adsorption efficiency was observed in the 
case of initial concentrations of 1 and 40 g/L. In other cases, 
there was no upward or downward trend, and the results 

remained stable (96.9%–98.24%). The equilibrium pH after 
all sorption processes ranged from 3.0 to 4.5. The highest 
removal equal to 99.03% was achieved for the biomass 
dosage of 40 g/L and initial concentrations of 25 and 50 g/L.

Based on this analysis of the biosorption process, it was 
found that the initial concentration of copper ions influ-
ences the saturation of the blackberry pomace surface. 
Probably the process of intramolecular diffusion of metal 
ions on the surface of the biomass takes place at higher 
concentrations. In a strongly acidic environment (pH 2), 
hydrolyzed ions may exist and diffuse much more slowly 
[48,49]. As shown in Fig. 4, the initial Cu(II) concentra-
tion was sufficient to initiate ion exchange at the interface 
between the aqueous and solid phases. Higher metal ion 
removal efficiency is proportional to the greater driving 
force of mass transfer and lower resistance to metal sorp-
tion [50]. Based on the literature, Cu2+ ions have an ionic 
radius equal to 73 pm [51]. Many studies show that at the 
molecular level, the smaller the ionic radius of metal, the 
greater its propensity to hydrolyze in aqueous solutions. 
Hydrolyzed molecules have a lower ability to adsorp-
tion, which translates into a decrease in the efficiency of 
the biosorption process [51–53].

3.2.3. Analysis of pH profile

The pH parameter plays an important role in the 
biosorption process. Greater ionization of biomass func-
tional groups occurs in solutions with lower pH, which 
favors biosorption. However, in alkaline solutions, Cu(II) 
metal has the ability to precipitate in the form of hydroxide 
[52]. Therefore, the influence of this factor on the efficiency 
of the process was investigated and the results are pre-
sented in Fig. 5. The applied conditions of the experiments 
were as follows: the initial concentration of Cu(II) ions 
10.0 mg/L, blackberry dosage 1.0–40 g/L, pH range of 2–5, 
contact time 60 min, rotation speed 150 rpm, T = 23°C ± 1°C. 
After analysis of the results, it was found that the best 
performance was obtained at pH 4.0 for the biosorbent 
doses of 1 g/L (94.3%), 5 g/L (97%), 10 g/L (97.4%), 20 g/L 
(97.7%), 30 g/L (97.9%) 40 g/L (97.98%). In all cases, an 
increase at pH 2 and 3, and a decrease in adsorption at 
pH 5 were demonstrated. At pH 2 the formation of copper 
chloride probably occurred which may make adsorption 
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more difficult. The adsorbent dosage of 1.0 g/L revealed 
the lowest efficiency. As it is seen in Fig. 5b, the highest bio-
sorption capacity was observed at initial pH 4.0: 9.4 mg/g 
(1 g/L sorbent dosage), 1.94 mg/g (5 g/L), 0.97 mg/g (10 g/L), 
0.49 mg/g (20 g/L), 0.33 mg/g (30 g/L), 0.24 mg/g (40 g/L). On 
the basis of the obtained results, the relationship between 
equilibrium pH and the highest biosorption efficiency 
obtained at initial pH 4.0 was investigated (Fig. 6). It 
was shown that at the initial concentration of Cu(II) 
25–50 mg/L, equilibrium pH did not change in relation to 
the initial pH and remained at the level of pH 4.0. In the 
range of initial concentration of Cu(II) 2.5–20 mg/L, equi-
librium pH increased to pH 4.1–4.5. On the other hand, in 
the range of initial concentration of Cu(II) 50–500 mg/L, 
equilibrium pH decreased to pH 3.0–3.9. Hence, the 
change in pH after the sorption processes in the exam-
ined systems was generally small. The highest adsorption 
efficiency was observed with a biosorbent dose of 40 g/L.

Most likely, the cation exchange mechanism was respon-
sible for binding copper ions. The surface of the blackberry 
pomace and the functional groups were protonated by a 
significant amount of hydrogen ions, which resulted in an 
increase in the number of positively charged active centers 
and a decrease in the number of negatively charged cen-
ters. In an aqueous solution, Cu(II) ions compete with H+ 
ions, which, due to electrostatic repulsion, do not favor the 
adsorption of positively charged copper ions. When the 
pH value was increased to 3–4, the surface became more 
negatively electrostatically charged, ion exchange took 
place and the acid groups were deprotonated, which made 
it possible to adsorb Cu2+ ions in greater amounts. Based 
on the literature, in the pH range 2–5, copper exists in the 
ionic form, while at higher pH it precipitates as hydroxide. 
Hence, the maximum biosorption efficiency was obtained at 
pH 4. However, the decrease in sorption at pH 5 was prob-
ably due to the competition of hydroxyl ions at the active 
sites. The biosorption process can be hindered and slowed 
down by the presence of other forms of copper, such as 
Cu(OH)+ and Cu(OH)2. The mechanism of Cu(II) biosorp-
tion describing the influence of many factors (including 
pH) has been described in the literature [54–58].

3.2.4. Reaction kinetics

3.2.4.1. Studies of contact time

The influence of contact time on biosorption was inves-
tigated, and the results are presented in Figs. 7 and S11. 
This parameter is important for the effective use of biosor-
bents in the industry. Determination of the optimal contact 
time in the process can be successfully used to determine 
the amount of solutions in adsorption processes, to design 
them, and also to effectively reduce the costs of the pro-
cess [45,59,60]. Previous research has helped to establish 
the following optimal experimental conditions: initial 
concentration of Cu(II) 10 mg/L, initial pH 4.0, blackberry 
dosage 40 g/L, rotation speed 150 rpm, T = 23°C ± 1°C. 
The obtained results confirmed the reports in the liter-
ature and the best adsorption efficiency was obtained 
for biomass with the smallest particle diameter less than 
0.212 mm. The maximum sorption was obtained within 
the first 15 min of the process and there were no signifi-
cant changes until 300 min. The results were as follows: 
<0.212 mm (98.7%), 0.212–0.3 mm (98.5%), 0.3–0.5 mm 
(97.9%). The equilibrium pH after adsorption ranged from 
3.1 to 4.3. The rapid initial increase in adsorption could 
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have been caused by the use of optimal process conditions, 
but also by the high concentration of copper ions at the 
interface and the availability of more free active sites on the 
surface of the biomass. The mechanism of the ion exchange 
reaction can take many forms, but the equilibrium of the 
process was achieved gradually by the occupation of active  
centers by cations [37,61].

3.2.4.2. Pseudo-first-order and pseudo-second-order 
kinetic models

Pseudo-first-order and pseudo-second-order mod-
els were used to analyze the kinetics of the sorption of 
Cu(II) ions on the blackberry. These mathematical mod-
els can describe the behavior of the biosorption process 
under various experimental conditions and are also very 
useful for process optimization. The results and kinetic 
parameters are shown in Figs. 8 & 9 and Table 4, respec-
tively. In the first minutes of the process, biosorption was 
very fast and equilibrium was achieved after just 15 min 
for all ranges of tested particle sizes. The correlation coef-
ficients for the pseudo-second-order kinetic model were 

relatively closest to 1.0, and the calculated qe values were 
also closer to the experimental q values. These calculated 
values suggest that the sorption of Cu(II) ions is most con-
sistent with the course of the pseudo-second-order reac-
tion model. This model assumes that biosorption may be 
the rate-limiting step in the process. When investigating 
the effect of contact time on process efficiency, contact 
time, initial and equilibrium concentration of Cu(II) were 
experimental variables. k1 values decreased with increas-
ing blackberry particle size. Probably diffusion occurred 
during biosorption and this process was controlled by 
chemisorption. Cu(II) ions could have an affinity for active 
sites of the surface of blackberry pomace, which was asso-
ciated with an increase in the coordination number with 
the surface. As a result, adhesion to the biosorbent surface 
took place and chemical bonds were formed [62,63].

3.2.5. Isothermal studies

Biosorption equilibrium of Cu(II) ions in relation to 
the blackberry biosorbent and the maximum sorption 
capacity was studied using Langmuir and Freundlich 
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Fig. 8. Pseudo-first-order kinetic plot for the biosorption of Cu(II) with blackberry residues (biosorbent dosage 40 g/L; pH 4; 
initial concentration of Cu(II) 10 mg/L): (a) particle size range < 0.212 mm, (b) 0.212–0.3 mm, and (c) 0.3–0.5 mm.
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isotherms models (Figs. S12–S19). Based on reported data, 
it was revealed that the Langmuir model is better suited to 
the biosorption process (Table 5). Other authors, such as 
Nadeem et al. [47], Ngah and Hanafiah [64], Salehi et al. 
[65] reported in their studies that biosorption equilibrium 
is also better described by the Langmuir model. One of the 
parameters of this model may be expressed by the con-
stant (R) which is associated with the equilibrium param-
eter or dimension separation factor, where it is assumed 
that the biosorption system is favorable or unfavorable. 
The shape of the isotherm can be indicated by RL value 
as follows: unfavorable (RL > 1), linear (RL = 1), favorable 
(0 < RL < 1), irreversible (RL = 0). The data obtained in this 
research are in the range of 0 < RL < 1, which represents a 
favorable biosorption for the removal of Cu(II) ions [60,63]. 
According to the Langmuir equation, KL is the energy 
constant associated with the biosorption heat as well as 
the biosorbent and binding energy of the solute. The KL 
constant indicates the interaction between adsorbate and 
sorbent surfaces. A higher KL value indicates a strong inter-
action between them, while a lower value indicates weaker 
interaction [66]. On the other hand, the relationship 
between the concentration of dissolved ions on the surface 

of a biosorbent (qe) and the concentration of metal ions 
dissolved in a liquid at equilibrium (Ce) is described by the 
Freundlich isotherm. Based on the calculated parameters 
(n – sorption intensity index, KF – biomass sorption capac-
ity index), it is suggested that the separation of Cu(II) ions 
from the reaction solution is undisturbed and quite easy. 
In these studies, the highest removal efficiency was equal 
to 96.7% (blackberry dosage 40 g/L, initial concentration 
56 mg/L, initial pH 4) and 96.5% (40 g/L, 107 mg/L, pH 4). 
Table 6 compares the maximum Cu(II) adsorption capacity 
qmax on blackberry with other selected results available in 
the literature. Clearly, the blackberry samples examined in 
this work have qmax comparable to or higher than that of 
other biosorbents and commercial adsorbents.

3.3. SEM surface morphology

Blackberry pomace was analyzed using SEM mor-
phology and images are shown in Fig. 10a–d. Generally 
speaking, biomass particles are characterized by irregular 
shapes of many sizes and a smooth surface. The structure 
is not homogeneous and developed flat surfaces are visi-
ble. Shape irregularities occur with smaller as well as larger 
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Fig. 9. Pseudo-second-order kinetic plot for the biosorption of Cu(II) with blackberry residues (biosorbent dosage 40 g/L; pH 4; 
initial concentration of Cu(II) 10 mg/L): (a) particle size range < 0.212 mm, (b) 0.212–0.3 mm, and (c) 0.3–0.5 mm.
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particles. The particles are joined into agglomerates of short, 
long, oval, polygonal lumps often resembling large, soft-
edged crystals. Ferrari et al. [84] noticed similar observa-
tions of blackberry powder on SEM images.

3.4. FTIR analysis

The FTIR measurements of blackberry residues before 
and after the sorption process were carried out and Fig. 11 
shows the spectra. The following experimental conditions 
were used to examine the samples: blackberry dose 40 g/L, 
initial concentration of Cu(II) ions 10 mg/L, initial pH 4, 
T = 23°C ± 1°C, contact time 60 min. The description of the 
FTIR peaks is attached as supplementary material (Table 
S1). The spectra were analyzed before and after the biosorp-
tion process in terms of differences in shape, the intensity 
of bands, frequency and possible interaction of functional 
groups with Cu(II) ions. Fig. 11 shows that after the sorption 
process, the intensity of the bands shifted towards higher 
transmittance values, and their location remained at the same 
wavelengths or was slightly shifted. These changes can be 
identified as follows: 3,286.9 (shift to 3,286.05 cm–1), 2,923.8 
(shift to 2,923.3 cm–1), 2,854.02 (shift to 2,853.4 cm–1), 1,741.8 
(shift to 1,742.5 cm–1), 1,633.6 (shift to 1,641.8 cm–1), 1,515.13 
(shift to 1,514.48 cm–1), 1,448.5 (shift to 1,452.24 cm–1), 1,315.24 
(shift to 1,316.35 cm–1), 1,228.33 (shift to 1,225.95 cm–1), 
1,027.97 (shift to 1,032.99 cm–1). The occurring phenomena 
of peak shifts can be explained by the interaction and bond-
ing of Cu(II) ions with functional groups of compounds 
present in blackberry pomace, probably due to the process 
of chemisorption.

In the studied system, there was probably an ion- 
exchange mechanism between Cu(II) ions and cations (e.g., 
Ca2+, Mg2+), which is one of the essential mechanisms of 
Cu(II) sorption with blackberry residues. The presence of 
different cations was determined by the SEM-EDX method 
(Table 1). In addition, higher biosorption efficiency occurred 

at a lower initial pH 4.0 (Fig. 5), which indicated that ion 
exchange between protons or ionizable cations on the 
surface of blackberry biomass participates in Cu(II) sorption.

Blackberry particles contain a lot of negative charges 
on the surface (Fig. 2). Thus, it can be assumed that elec-
trostatic attraction also could have occurred during the 
biosorption process. In this study, this biosorbent had the 
highest Cu(II) sorption capacity at initial pH 4.0, where 

Table 6
Comparison of the Cu(II) ions adsorption capacity of different 
adsorbents

Adsorbents qmax (mg/g) Reference

Blackberry (Rubus L.) residues 118.02 These studies
Activated carbon from  
 cassava peels

8.0 [67]

Barley straw 4.6 [68]
Carbonaceous nanocomposites 146.1 [69]
CMCD-MNPs 47.2 [70]
Graphene oxide 74.9 [71]
Graphene oxide aerogel 19.7 [72]
Modified activated carbon 38 [73]
H2SO4/KMnO4-modified CNTs 38.6 [74]
Nanoporous activated neem bark 21.23 [75]
Olive stone 0.0000319 [76]
Orange peel 4.64 [77]
Pecan nutshell 91.2 [78]
Pomelo peel 21.1 [79]
Potato peel 0.3877 [80]
Rice husk 13.003 [81]
Rice shell (raw) 17.42 [82]
Sunflower hulls 57.14 [83]

Table 5
Isotherm model constants and correlation coefficients for biosorption of Cu(II) using blackberry

Adsorbent 
dosage (g/L)

Langmuir isotherm Freundlich isotherm

Calculated qm (mg/g) KL (L/mg) R2 KF (mg/g)(L/mg)(1/n) n R2

1 97.22 0.129 0.982 9.702 1.060 0.983
5 107.7 0.166 0.988 13.278 1.131 0.991
10 118.02 0.176 0.989 15.269 1.164 0.992
20 116.4 0.222 0.990 18.772 1.177 0.983

Table 4
Adsorption parameters of pseudo-first-order and the pseudo-second-order rate equations

Particle size 
range (mm)

Adsorbent 
dosage (g/L)

Pseudo-first-order kinetic model Pseudo-second-order kinetic model

kad (min–1) qe (mg/g) R2 k (g/mg min) qe (mg/g) R2

<0.212 40 0.0166 0.0039 0.963 61,724.5 0.009 0.998
0.212–0.3 40 0.0180 0.0048 0.975 46,816.8 0.001 0.999
0.3–0.5 40 0.0122 0.0082 0.966 21,427.3 0.015 0.996
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(a)              (b)  

(c)             (d)  

Fig. 10. SEM images of blackberry residues: (a) magn.: x500, scale bar: 100 µm, (b) x5000, 10 µm, (c) x10000, 2 µm, and (d) x20000, 
2 µm.
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Fig. 11. FTIR spectrum of blackberry before and after Cu(II) ions adsorption.
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the zeta potential in the range from –16 to –19 mV was 
recorded. This was probably due to the greater number of 
localized electrons, which could induce more Cu(II) ions 
sorbed on the blackberry surface [85].

Based on the results of these studies, the Cu(II) sorp-
tion mechanism can be described by probable ion-exchange 
Eqs. (7)–(9):

Cu BR Ca BR Cu Ca2 2� �� � � � �m m  (7)

Cu BR Mg BR Cu Mg2 2� �� � � � �m m  (8)

Cu BR H H O BR Cu H O2 3
2� � �� � � � � �m m  (9)

where: BRm corresponds to the blackberry residues 
matrix [86].

It is worth noting that the high sorption efficiency of 
Cu(II) ions is observed in various experimental condi-
tions. Similar research results are reported in the literature 
[43,87,88]. This phenomenon is favored by the chemical 
properties of copper, which have a significant impact on 
its affinity to active sites. Furthermore, the electronega-
tivity constant for Cu(II) is 1.90 which is responsible for 
electrostatic attraction [89]. As reported by other authors 
in the literature, chemisorption on the surface of black-
berry pomace was probably the dominant mechanism in 
this study as well. Thus, the higher sorption capacity of 
Cu(II) is mainly influenced by other factors such as the 
first hydrolysis constant pKH 8.0 (negative logarithm of 
the hydrolysis constant) and the Cu2+ ion radius (0.72 Å) 
[86,88,90]. These parameters make copper more eas-
ily adsorbed in biosorption reactions on the blackberry 
surface.

4. Conclusions

Blackberry (Rubus L.) waste obtained during process-
ing in the food industry was taken into research for the 
analysis of the removal of Cu(II) ions from aqueous solu-
tions. The physicochemical properties of the biosorbent 
were evaluated by the use of selected analytical methods. 
Such factors as biosorbent dosage, initial concentration of 
Cu(II) ions, initial pH and contact time were examined in 
terms of their influence on sorption processes. Based on 
the research results, it was observed that the maximum 
biosorption efficiency was 99.03% under the following 
conditions, such as initial pH 4.0, blackberry dosage 40 g/L, 
initial concentration range 25–50 mg/L, contact time 60 min, 
rotation speed 150 rpm, T = 23°C ± 1°C. Generally speak-
ing, the average process efficiency was above 90% under 
different experimental conditions. The possible sorption 
mechanism includes ion exchange, chemisorption and elec-
trostatic attraction. The FTIR analysis showed changes in 
the intensity of bands and slight shifts of peaks, which can 
be a confirmation of Cu(II) ion binding. The kinetics anal-
ysis of the process revealed that the pseudo-second-order 
kinetic model and the Langmuir model fit the experimental 
data better. With the blackberry dose of 10 g/L, the maxi-
mum adsorption capacity qmax = 118.02 mg/g (based on the 
Langmuir equation).

To conclude, it should be stated that the post- production 
blackberry waste is capable of removing Cu(II) ions with 
high process efficiency. The obtained research results 
create a real possibility of industrial use of blackberry 
waste to improve water quality, which is in line with the 
current global trends in sustainable development and 
circular economy.
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Supporting information

S1. Methods of blackberry residues characterization

In the experiments, blackberry biomass particles with a 
diameter less than 0.212 mm were used. In the beginning, 
the chemical and physical properties of the tested material 
were analyzed using several methods, descriptions of which 
are presented below.

• The experiments were performed on the extract from 
blackberry waste. The extracts were prepared by 
addition of 10 mL ethanol into 5 g of dried waste and 

incubated at 25°C for 24 h. The total phenolic content 
(TPC) was determined using the Folin–Ciocalteu’s 
phenol reagent and the results were expressed as gallic 
acid equivalents. The TPC method was used to evalu-
ate the ability of mate infusions to inhibit lipid oxida-
tion by measuring the peroxide level during the initial 
stage of lipid oxidation. The TPC method response time 
is related to the period necessary for the absorbance 
(at 760 nm) to reach a maximum value. The low absor-
bance value of the reaction media after the addition 
of TPC reagents indicates the efficacy of the synthetic 
antioxidant of the test samples to inhibit lipid oxidation.

         

           

           

           

C O 

Mg Al Si 

S P K 

Ca Fe Cu 

Fig. S1. SEM-EDX images (mapping) of the distribution and relative proportion (intensity) of defined elements (C, O, Mg, Al, Si, P, S, 
K, Ca, Fe, Cu) over the scanned area of blackberry residues (magn.: x200; scale bar: 300 µm).
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• Determination of total antioxidant capacity was per-
formed by the ferric reducing ability of plasma (FRAP) 
assay. A 3 mL sample of FRAP solution (0.3 mol ace-
tate buffer (pH 3.6), consisting of 10 mmol 2,4,6-tri-
pyridyl-S-triazine (TPTZ) and 40 mmol FeCl3·6H2O) 
and 100 µL of blackberry extract was kept at 38°C for 
5 min and the absorbance was measured at 593 nm. 
The ferric-tripyridyl triazine (Fe3+-TPTZ) complex is 
reduced to the ferrous (Fe2+) form and as a result, an 
intense blue color appears. A standard solution of 
1 mmol L-ascorbic acid was prepared using distilled 
water. The absorbance change was converted into a 
FRAP value, by relating the change of absorbance at 
593 nm of the test sample to that of the standard solu-
tion of L-ascorbic acid (AA) and results were obtained as  
µmol AA/g.

• Methanol, ethanol, hydrochloric acid, sodium hypochlo-
rite and acetone were used for high-performance liq-
uid chromatography (HPLC) analysis (Sigma-Aldrich, 
Germany). The mobile phase used for the method 
included ultrapure Milli-Q water, methanol and acetic 
acid (Sigma-Aldrich, Germany). The HPLC standards 

for the analysis were purchased from Sigma-Aldrich. 
Stock standard solutions were prepared using dimethyl 
sulfoxide and/or methanol. Samples of dried blackberry 
material were extracted with a mixture of methanol/
water/acetic acid. The homogenized sample was filtered 
using a paper filter. Next, the filtrate was evaporated 
at 90°C. The final volume of 10 mL was diluted with 
Milli-Q water. Chromatography analysis was carried 
out using HPLC apparatus. Compounds were detected 
at a wavelength of 280 nm.

• The elemental composition and mapping using a scan-
ning electron microscopy (SEM) Hitachi S-3700N with 
an attached NORAN SIX energy-dispersive X-ray spec-
trometer (EDX) microanalyzer (UltraDry silicon drift 
type with resolution (FWHM) 129 eV, accelerating 
voltage: 20.0 kV).

• X-ray diffraction measurements were made using 
Bruker AXS D8 ADVANCE (Germany). In the configu-
ration, the diffractometer is equipped with a Johansson 
monochromator (λCu Kα1 = 1.5406 Å) and silicon strip 
detector LynxEye. The minimum measurement angle 
is 0,6° 2Θ deg. The XRD powder diffraction method 

Fig. S2. X-ray diffraction pattern of blackberry residues.

Table S1
FTIR peaks of blackberry residues and their description

FTIR wavelengths (cm–1) Band vibration characteristics

3,286; 3,286.9 Stretching O–H (water or other hydroxylated molecules, for example, alcohols)
2,923.3; 2,923.8 Asymmetric stretching C–H, –CH2– and –CH3 (carboxylic acids)
2,853.4; 2,854 Stretching –CH3, C–H
1,742.4; 1,741.8 Stretching C=O (e.g., esters)
1,633.6; 1,641.8 Stretching C–O bonds
1,514.5; 1,515.1 Stretching C=C, bending N–H bonds (aromatic ring)
1,448.5; 1,452.2; 1,315.2; 1,316.3 Deformation vibration C–H bonds
1,225.9; 1,228.3 Stretching C–O–C bonds
1,027.9; 1,033 Bending C–O bonds (polysaccharides)



191T. Kalak / Desalination and Water Treatment 238 (2021) 174–197

Ta
bl

e 
S2

Va
ri

ou
s 

pr
op

er
tie

s 
an

d 
co

m
po

si
tio

n 
of

 ra
w

 b
la

ck
be

rr
y 

in
 a

 1
00

 g
 s

am
pl

e 
ac

co
rd

in
g 

to
 th

e 
lit

er
at

ur
e

Bl
ac

kb
er

ry
 in

gr
ed

ie
nt

s 
or

 p
ro

pe
rt

ie
s

C
on

te
nt

 in
 a

 1
00

 g
 s

am
pl

e 
of

 
ra

w
 b

la
ck

be
rr

y
Bl

ac
kb

er
ry

 in
gr

ed
ie

nt
s 

or
 p

ro
pe

rt
ie

s
C

on
te

nt
 in

 a
 1

00
 g

 s
am

pl
e 

of
 ra

w
 b

la
ck

be
rr

y
Bl

ac
kb

er
ry

 in
gr

ed
ie

nt
s 

or
 

pr
op

er
tie

s
C

on
te

nt
 in

 a
 1

00
 g

 s
am

pl
e 

of
 ra

w
 b

la
ck

be
rr

y 
(g

)

So
lu

bl
e 

so
lid

s
6.

9%
–1

6.
8%

 [S
1–

S6
]

Fl
av

on
oi

ds
6–

30
0 

m
g 

[S
3,

S1
2,

S1
8,

S1
9]

A
ra

ch
id

ic
 a

ci
d 

C
20

:0
<0

.7
%

 w
/w

 [S
23

–S
25

]
Ti

tr
at

ab
le

 a
ci

di
ty

[S
1–

S4
,S

6,
S7

]
Ph

en
ol

ic
 a

ci
ds

7–
64

 m
g 

[S
18

,S
20

]
To

ta
l s

at
ur

at
ed

 a
ci

ds
6.

5%
–9

%
 w

/w
 [S

23
–S

25
]

pH
2.

6–
3.

9 
[S

1–
S4

,S
7]

Li
gn

an
s

0.
6 

m
g 

[S
18

,S
21

]
To

ta
l m

on
os

at
ur

at
ed

 a
ci

ds
14

%
–2

0%
 w

/w
 [S

23
–S

25
]

Si
m

pl
e 

su
ga

rs
2.

6–
13

.9
 g

 [S
1,

S7
,S

8]
Re

sv
er

at
ro

l
1.

8 
µg

 [S
22

]
To

ta
l p

ol
yu

ns
at

ur
at

ed
 a

ci
ds

58
%

–7
9%

 w
/w

 [S
23

–S
25

]
O

rg
an

ic
 a

ci
ds

0.
5–

2.
9 

g 
[S

1,
S5

,S
8]

Tr
an

s-
pi

ce
id

3 
µg

 [S
18

]
Ra

tio
 o

m
eg

a-
6/

om
eg

a-
3

2.
7%

–3
.5

%
 [S

23
–S

25
]

V
ita

m
in

 C
1.

2–
11

.9
 m

g 
[S

4,
S7

]
C

is
-p

ic
ei

d
1.

5 
µg

 [S
18

]
C

ar
ot

en
oi

ds
 (L

ut
ei

n 
an

d 
β-

ca
ro

te
ne

) i
n 

se
ed

s
~3

0 
m

g 
[S

26
]

A
nt

ho
cy

an
in

s
28

–3
66

 m
g 

[S
2,

S6
,S

7,
S9

–S
13

]
La

ur
ic

 a
ci

d 
C

12
:0

<0
.0

5%
 w

/w
 [S

23
–S

25
]

To
co

ph
er

ol
s 

(α
-to

co
ph

er
ol

s,
 

(β
 +

 γ)
 a

nd
 δ

-to
co

ph
er

ol
)

13
0–

23
0 

m
g 

[S
29

,S
30

]

Ph
en

ol
ic

 m
on

om
er

s
0.

7–
55

5 
m

g 
[S

7,
S1

2–
S1

5]
M

yr
is

tic
 a

ci
d 

C
14

:0
<0

.0
5%

 w
/w

 [S
23

–S
25

]
β-

Si
to

st
er

ol
85

%
, ~

34
0 

m
g 

[S
29

]
El

la
gi

c 
ac

id
 c

on
ju

ga
te

s
17

–2
7 

m
g 

[S
16

]
Pa

lm
iti

c 
ac

id
 C

16
:0

2.
2%

–4
.6

%
 w

/w
 [S

23
–S

25
]

Δ5
-A

ve
na

st
er

ol
7%

, ~
28

 m
g 

[S
23

]
Ph

en
ol

ic
 p

ol
ym

er
s

85
–3

90
 m

g 
[S

5,
S1

3,
S1

5,
S1

6]
St

ea
ri

c 
ac

id
 C

18
:0

2.
1%

–4
.7

%
 w

/w
 [S

23
–S

25
]

C
am

pe
st

er
ol

5%
, ~

20
 m

g 
[S

23
]

C
ar

ot
en

oi
ds

0.
44

–0
.5

9 
m

g 
[S

17
]

O
le

ic
 a

ci
d 

C
18

:1
14

%
–2

0%
 w

/w
 [S

23
–S

25
]

Δ7
-A

ve
na

st
er

ol
 a

nd
 s

tig
m

as
te

ro
l

3%
, ~

12
 m

g 
[S

23
]

El
la

gi
ta

nn
in

s
84

–1
30

 m
g 

(te
m

pe
ra

te
 

cl
im

at
es

) [
S3

,S
14

,S
18

]
Li

no
le

ic
 a

ci
d 

C
18

:2
42

%
–6

4%
 w

/w
 [S

23
–S

25
]

A
ra

ch
id

ic
 a

ci
d 

C
20

:0
<0

.7
%

 w
/w

 [S
23

–S
25

]

El
la

gi
ta

nn
in

s
20

0–
50

0 
m

g 
(tr

op
ic

al
 h

ig
h-

la
nd

s)
 [S

3,
S1

4,
S1

8]
α

-L
in

ol
en

ic
 a

ci
d 

C
18

:3
 

14
%

–1
8%

 w
/w

 [S
23

–S
25

]
To

ta
l s

at
ur

at
ed

 a
ci

ds
6.

5%
–9

%
 w

/w
 [S

23
–S

25
]

A
nt

ho
cy

an
in

s
28

–3
66

 m
g 

[S
3,

S1
2,

S1
8,

S1
9]

Fl
av

on
oi

ds
6–

30
0 

m
g 

[S
3,

S1
2,

S1
8,

S1
9]

To
ta

l m
on

os
at

ur
at

ed
 a

ci
ds

14
%

–2
0%

 w
/w

 [S
23

–S
25

]



T. Kalak / Desalination and Water Treatment 238 (2021) 174–197192

needs the delivered sample to be carefully powdered. 
A standard measuring dish has a container for pow-
der with a diameter of ca. 25 mm and ca. 1.5 mm 
depth. Before measurement, sample powder needs to be 
mildly pressed.

• The specific surface area and the average pore diam-
eter by the Brunauer–Emmett–Teller (BET) method 
using Autosorb-iQ Station 2 (Quantachrome Instruments, 
USA).

• The pore volume was determined by Barrett–Joyner–
Halenda method using Autosorb-iQ Station 2 
(Quantachrome Instruments, USA).

• Thermogravimetry analyzed by Setup DTG, DTA 1200 
(Setaram Solutions; temperature range 30°C–600°C; the 
rate of temperature increase 10°C/min; gas flow rate of 
nitrogen 20 mL/min).

• Investigation of electrokinetic zeta potential was car-
ried out using Zetasizer Nano ZS (Malvern Instruments 
Ltd., United Kingdom) equipped with Autotitrator 
(MPT-2 Autotitrator). The apparatus uses a combination 
of electrophoresis and laser particle movement mea-
surement based on the Doppler Effect. The instrument 
measures the rate of particle movement in the liquid 
after switching on the electric field. The speed of motion 

Fig. S3. The low-temperature BET adsorption and desorption 
isotherm linear plot (blackberry residues).

Fig. S5. Pore volume distribution (The Barrett–Joyner–Halenda 
Method) for adsorption dV/dD (blackberry residues).

Fig. S4. Pore volume distribution (The Barrett–Joyner–Halenda 
Method) for adsorption (blackberry residues).

Fig. S6. Adsorption cumulative pore area (The Barrett–Joyner–
Halenda Method).
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of the particle is defined as its electrophoretic mobil-
ity, which is automatically calculated and converted 
to the zeta potential using Smoluchowski’s Eq. (1).

ζ
πη
ε

=
4 U  (S1)

where: ζ is zeta potential; π is the constant; η is the 
viscosity of the suspending liquid; ε is the dielectric 
constant and U is the electrophoretic mobility. Ash sam-
ples were dispersed in distilled water and the pH of the 
slurry was adjusted by the addition of 0.2 M HCl and 
0.2 M KOH before measurements at room temperature 
(23°C ± 1°C) of electrophoretic mobility of particles.

• The morphology by SEM EVO-40 (Carl Zeiss, 
Germany).

• The surface structure analysis by a Fourier transform 
attenuated total reflection (FTIR-ATR) Spectrum 100 
(Perkin-Elmer, Waltham, USA).Fig. S7. Desorption cumulative pore volume (The Barrett–

Joyner–Halenda Method).

Fig. S9. Desorption cumulative pore area (The Barrett–Joyner–
Halenda Method).

Fig. S8. Desorption pore volume dV/dD (The Barrett–Joyner–
Halenda Method).

 

TGA 

DTG 

Fig. S10. Thermogravimetric curves of blackberry residues.
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Fig. S11. The impact of contact time on the Cu(II) biosorption capacity (mg/g) depending on the blackberry particle size.
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Fig. S12. Langmuir kinetic isotherm for the biosorption of Cu(II) with blackberry residues (particle size range 0.212–0.3 mm; 
biosorbent dosage 1 g/L; pH 4; initial concentration of Cu(II) 10 mg/L).
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Fig. S13. Langmuir kinetic isotherm for the biosorption of Cu(II) with blackberry residues (particle size range 0.212–0.3 mm; 
biosorbent dosage 5 g/L; pH 4; initial concentration of Cu(II) 10 mg/L).
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Fig. S15. Langmuir kinetic isotherm for the biosorption of Cu(II) with blackberry residues (particle size range 0.212–0.3 mm; 
biosorbent dosage 20 g/L; pH 4; initial concentration of Cu(II) 10 mg/L).
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Fig. S16. Freundlich kinetic isotherm for the biosorption of Cu(II) with blackberry residues (particle size range 0.212–0.3 mm; 
biosorbent dosage 1 g/L; pH 4; initial concentration of Cu(II) 10 mg/L).
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Fig. S14. Langmuir kinetic isotherm for the biosorption of Cu(II) with blackberry residues (particle size range 0.212–0.3 mm; 
biosorbent dosage 10 g/L; pH 4; initial concentration of Cu(II) 10 mg/L).
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Fig. S18. Freundlich kinetic isotherm for the biosorption of Cu(II) with blackberry residues (particle size range 0.212–0.3 mm; 
biosorbent dosage 10 g/L; pH 4; initial concentration of Cu(II) 10 mg/L).
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Fig. S19. Freundlich kinetic isotherm for the biosorption of Cu(II) with blackberry residues (particle size range 0.212–0.3 mm; 
biosorbent dosage 20 g/L; pH 4; initial concentration of Cu(II) 10 mg/L).
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Fig. S17. Freundlich kinetic isotherm for the biosorption of Cu(II) with blackberry residues (particle size range 0.212–0.3 mm; 
biosorbent dosage 5 g/L; pH 4; initial concentration of Cu(II) 10 mg/L).
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