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Received: 28 July 2021 / Accepted: 5 November 2021 / Published online: 5 December 2021

� The Author(s) 2021

Abstract The use of materials of natural origin for

the adsorption of heavy metal ions from aqueous

solutions has gained attention in recent years among

the scientific community. This is explained by the fact

that nickel compounds, due to severe health conse-

quences, are considered to be among the most

dangerous to the environment. This article reviews

the results of studies on the use of biosorbents for

purification of aqueous solutions from nickel ions, and

then attempts to classify them according to their

origin. The characteristics of materials and their

sorption capacity have been compared, and the

removal mechanisms identified of which chemisorp-

tion and ion exchange are considered to be the most

common. From the analyses, a major trend is the use of

biomass; however, biosorbents from other groups also

continue to attract the interest of researchers. Con-

ducting laboratory studies can help select materials

with high efficiency. The highest sorption capacity

values for the materials in each group were: for waste

products 56 mg Ni�g-1 (olive stone), for peat 61 mg

Ni�g-1, for miscellaneous 225 mg Ni�g-1 (microbial

flocculant GA1), for biomass 286 mg Ni�g-1 (Plan-

tanus orientalis bark) and for composites/modified

materials calcinated eggshells 769 mg Ni�g-1

(calcinated eggshells). However, for some materials

the sorption phenomenon may be accompanied by

precipitation in the presence of hydroxides, which

significantly affects the sorption capacity achieved.

There is a need to transfer these experiments to an

industrial scale so as to verify their applicability. In

such industrial scale applications, attention should be

paid not only to the effectiveness of the material, but

also to its availability, price, and ease of use, as well as

the effect of the biosorbent in terms of changing the

quality parameters of the aquatic environment.

Keywords Biomaterials � Biosorption � Nickel �
Heavy metal removal � Wastewater treatment

1 Introduction

With the advance of civilization, human activities and

progressive industrialization, the level of nickel pol-

lution is intensifying. This phenomenon is particularly

evident in surface water, soil water, and shallow

groundwater. Water pollution is of particular impor-

tance due to the role played by water in ecosystem

services (Liu et al. 2021).

Nickel can originate from both natural sources and

anthropogenic activities. It is the 6th most abundant

element by mass in the Earth’s crust after iron, oxygen,

silicon, magnesium, and sulfur. Due to toxicity and
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carcinogenicity, nickel compounds are considered to

be among the most hazardous to the environment.

Many studies have proven that long and constant

exposure to this metal can cause skin allergies lung

fibrosis, cardiovascular disease, respiratory tract

cancer, and asthma (Tchounwou et al. 2012; Jan

et al. 2015; Uter et al. 2018). In combination with

oxygen and sulfur as oxides and sulfides, nickel may

be naturally emitted from volcanoes. An important

source of nickel pollution to the environment is its

emission to the atmosphere as a result of the combus-

tion process of coal and liquid fuels. Thanks to its

peculiar physicochemical properties (resistance to

very high temperatures, oxidation and corrosion, big

ductile and readily in processing), nickel is used in

many industrial sectors, including the paper industry,

steel mills, refineries, and fertilizer factories.

Increased nickel ion concentrations are also noticed

as a result of the production of galvanic coatings and

pickling as well as the electropolishing of stainless

steels, electroforming and production of nickel–cad-

mium batteries and electronic equipment (Lochynski

et al. 2016; Lochyński et al. 2019). This is particularly

important issue because nickel is readily soluble at

pH\ 6.5 in dilute oxidizing acids. This pH is often

found in effluent from this kind of industrial. More-

over, nickel salts of strong acids (chloride, nitrate and

sulphate) and organic salts are easily water-soluble. In

terms of chemical speciation, the main form of nickel

is Ni(II) form. The divalent nickel forms strong

complexes with organic ligands such as carboxylates,

fulvates and humates. Nickel forms soluble chloride,

sulphate and nitrate salts, whereas nickel hydroxides,

sulphides, arsenides and silicates are almost insoluble.

In contrast, nickel oxide is soluble only under acidic

conditions. Due to the chemical similarity between

Ni2? ions and Fe2? and Co2? ions, they can be

substituted by nickel in many compounds. The

widespread industrial use and peculiarities of nickel

means that significant amounts of this metal can be

found in aquatic environments. From these sources,

and along with other metals, nickel gets dispersed into

the environment and directly or through plants enters

animals and the human body (Harasim and Filipek

2015; Das et al. 2019). Nickel is a metal that

bioaccumulates easily. It is observed not only in water

and wastewater but also in sewage sludge (Tytła

2019). The bioavailability of nickel in the form of

hydrated nickel(II) contributes to its toxic effects,

hence its removal from aqueous solutions is essential.

The growing public awareness in recent years as to

the contamination of the environment with heavy

metals of anthropogenic origin is reflected in the

tightening of legal regulations in the European Union

and individual countries in terms of permissible

concentrations of emissions of heavy metals and other

hazardous substances into the environment (The

European Parliament and the Council of the European

Union 2020). According to WHO guidelines, the

maximum allowable concentration of Ni(II) in drink-

ing water is a mere 0.02 mg�L-1. Therefore, removal

of Ni(II) from water and wastewater to reduce its

concentration to anacceptable range is an absolute

necessity. The need to take action in this area in

support of the European Green Deal and Sustainable

Development Goals, especially SDG 6: ‘‘Ensure the

availability and sustainable management of water and

sanitation for all’’, is just as important. The imple-

mentation of the provisions of the above-mentioned

documents involves an intensification of the search for

alternative solutions to wastewater and water treat-

ment, reduction of generated waste, or the use of

readily available natural materials (Paweska and

Bawiec 2017; Domańska et al. 2019; Garbowski

et al. 2020; Burszta-Adamiak and Spychalski 2021).

Because of the significant problem posed by heavy

metals to the environment and humans, this issue has

been intensively studied in recent years.

To date, many methods have been developed to

remove metals from aqueous solutions. In wastewater

treatment processes, chemical and electrochemical

precipitation, ion exchange, membrane filtration,

reverse osmosis, electrolysis and solvent extraction,

among others, have been used to remove heavy metals

(Kurniawan et al. 2006; Bodzek and Konieczny 2011;

Fu and Wang 2011; Raval et al. 2016). In addition,

various combination methods like complexation/ul-

trafiltration, complexation/membrane filtration, coag-

ulation/flocculation, electrochemical reduction/

oxidation, electroflocculation/filtration hybridization

have recently been used (Yaqub and Lee 2019; Zhang

et al. 2019). Despite the many advantages and

treatment efficiencies achieved, the main disadvantage

of these processes is the production of secondary

chemical or biological sludge which requires addi-

tional treatment. Some of these methods are not

economically beneficial. In addition, commercial
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ionites are most often products derived from a non-

renewable energy source (from crude oil processing),

and once used they are difficult to dispose. For these

reasons, in recent years, one method of water and

wastewater treatment that is gaining attentionis

adsorption. Commercial materials such as activated

carbon or synthetic resins are very effective adsor-

bents due to their structural characteristics. Reusabil-

ity and availability from renewable sources are other

advantages highlighted in a recent study (Ani et al.

2020). However, its wide application is limited due to

the high capital and regeneration cost (Erto et al.

2013). This situation has encouraged researchers to

search for alternative adsorbents. The development of

biodegradable adsorbents that are low-cost, abundant

in nature, and available in large quantities is currently

an area of extensive research due to their potential

applications in biosorption processes for the removal

of nickel (II) ions from water and wastewater. Among

them, natural materials like bacteria (Mardiyono et al.

2019), fungi biomass (Silah and Gül 2017), macroal-

gae (Eka Putri 2019), peat (Charazińska et al. 2021),

old newspaper fibers (Ossman et al. 2016), lemon peel

waste (Villen-Guzman et al. 2021), peanut hulls

(Tapia et al. 2018), sugarcane (Rico et al. 2018) and

palm bagasse (Candelaria et al. 2019), surface-engi-

neered yeast (Li et al. 2019) have been developed and

tested for the removal of nickel metal ions.

There is an ongoing need to identify and develop

different, easily available yet highly effective adsor-

bents that are harmless to the environment for the

efficient removal of heavy metal ions. However, the

adsorption efficiency depends on the type of adsor-

bents, contact time, solution pH, etc. The large number

of biosorbents studied and the broad variations in the

results from analysis of their performance were among

the reasons for the authors to undertake a review of the

studies carried out in the last five years. The main goal

of this paper is to review and assess current knowledge

on the topic of using biosorbents in the aquatic

environment. In the proposed review, the authors

focused on the most recent achievements of research-

ers in the topic of nickel ion sorption. The analysis

covered the last 5 years and a wide range of materials

used. Based on the research results, the most effective

materials for nickel removal were indicated, while

future perspectives for conducting research were also

determined. For the analyses, it was necessary to

introduce our own classification of adsorbents so as to

identify research trends in recent years.

2 Methodology

The study of recent trends in the area of nickel

biosorption covered the last 5 years (I 2016-IV 2021).

This study follows a process whereby publications

indexed in the Web of Science and Scopus databases

were collected and analyzed. Both databases used are

among the largest and contain collections of the most

reputable and influential journals, thereby providing a

comprehensive overview of the global scientific

output in engineering areas.

Due to the wide variety of nomenclature used in

papers related to the topic of biosorption, the challenge

was to select keywords that are specific enough to

allow access to reliable research results, while being

general enough not to omit publications relevant to the

topic. The search strategy for scientific articles

published in English included essential and additional

terms. ‘‘Sorption’’, ‘‘biosorption’’, ‘‘heavy metals’’,

‘‘nickel’’ or ‘‘Ni’’ were selected as essential terms.

Additional terms were ‘‘organic material’’, ‘‘non-

conventional adsorbents’’, ‘‘waste material’’, ‘‘plant’’,

‘‘algae’’, and ‘‘peat’’. In the search criteria, the

essential terms had to be included initially in the title

or keywords of the article, followed by the essential

and/or additional terms in the title, abstract or

keywords. A preliminary list of over 1000 biblio-

graphic records were gathered. Then, these records

were checked, and the articles relevant to research into

the use of natural materials for sorption of nickel ions

were archived for further analysis. In this review, only

journal articles were used because they present a

higher quality and more comprehensive information

than other types of publications. Finally, 150 scientific

papers were selected for a deeper analysis, the results

of which are presented in this article.

In this paper, an authored classification of adsor-

bents was developed, which enabled the analysis of

diverse literature reports. The materials were divided

into the following main groups: biomass, composites

and modified materials, waste, peat, and miscella-

neous. The last category included all other natural

materials that could not be clearly classified into the

other created groups. According to the definition

provided by Hougton ‘‘Biomass refers to the mass of
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living organisms, including plants, animals, and

microorganisms, or, from a biochemical perspective,

cellulose, lignin, sugars, fats, and proteins. Biomass

includes both the above- and belowground tissues of

plants, for example, leaves, twigs, branches, boles, as

well as roots of trees and rhizomes of grasses’’

(Houghton 2008). Due to the large variety and number

of materials classified as biomass as well as the rather

general nature of this term, it was decided to make this

category more specific by dividing it further into

algae, fruits, plants, organisms, and others.

3 Trends in biosorbent research

The first literature reports on the application of

biosorption focused on metal removal (Tsezos and

Volesky 1982; Volesky and Holan 1995) due to the

fact that metals have been a major environmental

problem as a result of human activities for decades

(Tchounwou et al. 2012; Jaishankar et al. 2014; Fisher

and Gupta 2020). For this reason, the development of

techniques to remove them has become a priority. The

results of ongoing research confirm that biosorption is

a very effective, economical and environment-friendly

removal technique (Paweska and Bawiec 2017; Gar-

bowski et al. 2020b).

A review of scientific articles published in the last

5 years clearly indicates that the study of nickel

sorption using materials of natural origin is of interest

not only to academics and scientists, but also to

industrial units due to the potential for applying this

technique in various fields. The most frequently used

materials for nickel removal are relatively cheap and

naturally available. Figure 1 presents the cumulative

number of papers on the topic of nickel ion sorption in

the last 5 years (from beginning of 2016). In this

period, there is a general increase of interest in the use

of various materials of natural origin. The largest

number of studies focused on the use of biomass, for

which the number of studies was almost three times

higher than for the other categories (composites/mod-

ified, waste, peat, miscellaneous). There were over 10

new publications that focused on the topic of nickel

sorption by biomass every year, while for the other

groups there were 2–7 publications per year. A more

detailed analysis allowed us to divide the ‘‘biomass’’

group into subcategories, as illustrated in Fig. 1b).

Plant materials are the dominant group in the entire

body of publications on nickel sorption using biomass.

The authors have used both whole plants (e.g. Lemna

gibba (Morales-Barrera et al. 2020),Azolla filiculoides

(Naghipour et al. 2018), Pistia stratiotes or Nymphaea

lotus (Ugya et al. 2019)) and various plant fragments

in their studies. For nickel sorption, both plant parts

such as bark (Cancelo-González et al. 2017; Akar et al.

2019) or cones (Oguz 2020), and more fragmented

parts such as fibers (Boudaoud et al. 2017), bagasse

(Rico et al. 2018; Candelaria et al. 2019) and sawdust

(Richard et al. 2020) were used. Researchers have also

used algae (Vetrivel et al. 2017; Kipigroch 2018; El-

Naggar and Rabei 2020) and fruits (Pertile et al. 2020)

including their seeds (Aravind et al. 2017), shells

(Cruz-Lopes et al. 2021) or peels (Priyantha and

Kotabewatta 2019) to remove metals from aqueous

solutions. The least amount of research was observed

for the organisms category containing materials from

invertebrates, insects, and their shells (Gürel and

Güneş 2018; Foroutan et al. 2019; Marzuki et al. 2019;

Złotko et al. 2021). Based on the trends observed in

Fig. 1a) and b), it can be concluded that interest in

biosorption with respect to metal ion removal is still an

ongoing phenomenon, such that further development

of research in this area can be expected in the coming

years.

In several of these studies, the use of biomass as a

sorbent is not limited to the removal of nickel ions, but

of other metals as well (Table 1). In laboratory studies,

the authors mostly used Ni(NO3)2 9 6H2O, NiCl2-

9 6H2O, and NiSO4 9 6H2O to prepare nickel stock

solutions. Apart from nickel, researchers have mostly

undertaken the task of testing the possibility of

removing cadmium and lead ions. These elements

appear in many publications probably due to the

significant harm they pose to both humans and the

environment, rendering their effective removal an

important issue. Other metals that have been studied

include copper, chromium, zinc, cobalt, and arsenic

which can pose a threat when present in excessive

quantities.

4 Sorption capacity and removal percentage

of nickel ions

In many papers, the authors reported high efficiencies

of the tested materials, even exceeding 80%. However,

considering the other process parameters, especially
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the initial concentrations of the solutions and the mass

of the material used, the obtained removal percentage

results cannot always be compared with each other due

to the different initial conditions.

Sivakumar et al. (2018), using bamboo-activated

carbon, showed a nickel ion removal percentage of

98.7%. Similar values were also achieved by

Davarnejad et al. (2018) using regenerated cellulose

and Nithya et al. (2017) doing experiments with acid-

treated Lantana camara fruit. However, in analyzing

these results, it is important to note the initial

concentration, which varied considerably in each of

the works mentioned. The reduction achieved for

bamboo-activated carbon from an initial concentration

Fig. 1 Cumulative graph of the number of nickel ion sorption papers from 2016 to2021 by category a organic materials, b biomass.

*fruits, their seeds/pestles, skins, shells. **seafood, insects, invertebrates and their shells
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of 99 mg�L-1 indicates that over 97 mg�L-1 of nickel

was successfully removed from the solution. For the

other materials, these values were much lower due to

the lower initial concentrations used. For regenerated

cellulose, more than 32 mg�L-1 of nickel was

removed from the solution (starting concentration of

32.5 mg�L-1), and for acid-treated Lantana camara

fruit 24.25 mg�L-1 (starting concentration of

25 mg�L-1). When analyzing these types of results,

the weight of the material used must also be taken into

account. In most of the studies, the authors observed

an increase in effectiveness as the mass of the material

increased, indicating that this parameter is extremely

important. To illustrate the importance of the mass

used, two materials with a similar removal percentage

and initial concentration can be compared. For the

aforementioned bamboo-activated carbon, a 98.7%

reduction percentage was obtained using an initial

concentration of 99 mg Ni�L-1 and 1.5 g�L-1 of

material. For eggshells (Mashangwa et al. 2017) at an

initial concentration of 100 mg�L-1, it was necessary

to use a much larger material mass of 7 g to achieve a

reduction in nickel concentration of 94%. The removal

percentage of nickel ions for the selected materials is

shown in Table 2.

With such a variety of test results, and despite the

high removal rate shown, it is difficult and sometimes

impossible to compare the performance of different

materials among themselves. In order to demonstrate

the obtained results, a comparison of the nickel ion

removal efficiency to the analyzed materials along

with division into the adopted categories is presented

in Fig. 2. The use of a uniform unit describing a given

sorbent in terms of its sorption capacity qm (mg�g-1).-

Indicating the maximum amount of the adsorbate

(heavy metal) per unit weight of the adsorbent allows

even very different materials to be compared. Thanks

to the results being presented in this way, within each

Table 1 Selected publications on biomass sorption of nickel when other elements were also tested

Material Ni analytical

reagent

Tested element Ref

Ni Cu Cd Pb Co Cr As Zn

Abies bornmulleriana cone Ni(NO3)2 9 6H2O ? ? ? ? ? (Oguz 2020)

Callinectes sapidus biomass Ni(NO3)2 9 6H2O ? ? ? (Foroutan et al. 2019)

Wheat straw Ni(NO3)2 9 6H2O ? ? ? (Romar-Gasalla et al.

2017)

Brown macroalgae Fucus
vesiculosus

Ni(NO3)2 9 6H2O ? ? ? (Moreira et al. 2019)

Azolla filiculoides Ni(NO3)2 9 6H2O ? ? ? (Naghipour et al. 2018)

Brown algae Cystoseria indica Ni(NO3)2 9 6H2O ? ? (Khajavian et al. 2019)

Trichoderma asperellum fungi NiCl2 9 6H2O ? ? ? (Hoseinzadeh et al.

2017)

T. harzianum fungi NiCl2 9 6H2O ? ? ? (Hoseinzadeh et al.

2017)

R. subcapitata algae NiCl2 9 6H2O ? ? ? (Kipigroch 2018)

Pinewood, burnt pinewood NiCl2 9 6H2O ? ? ? (Cruz-Lopes et al.

2021)

Seagrass Cymodocea nodosa NiCl2 9 6H2O ? ? (Moawad et al. 2020)

Yeast Yarrowia lipolytica NiCl2 9 6H2O ? ? (Wierzba 2017)

Growing Aspergillus sp. NiCl2 9 6H2O ? ? (Pundir et al. 2018)

Brassica Campestris stems NiSO4 9 6H2O ? ? ? (Shaikh et al. 2018)

Living Euglena gracilis NiSO4 9 6H2O ? ? (Winters et al. 2017)

Sugarcane bagasse NiSO4 9 6H2O ? ? (Rico et al. 2018)

Palm bagasse NiSO4 9 6H2O ? ? (Candelaria et al. 2019)

Palm fibers NiSO4 9 6H2O ? ? (Boudaoud et al. 2017)
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Fig. 2 Comparation of

maximal sorption capacities

qm (mg�g-1) of nickel ions

in different groups of

materials. *the sorption

phenomenon is most likely

accompanied by a

precipitation reaction in the

presence of hydroxides (for

more details see ‘Sorption

capacity and removal

percentage of nickel ions’)
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category one can notice materials characterized by

higher values of sorption capacity and those charac-

terized by lower values.

The highest variability in the results was observed

for the group composites/modified materials., For this

group the values reached by the materials ranged from

1 to 769 mg Ni�g-1, containing natural materials

subjected to modification, i.e. biochar produced from

natural materials, copolymers or composites. The

modifications of materials are aimed at increasing

their efficiency. At the same time, there is one material

in this group which showed the highest sorption

capacity, several times exceeding even the other most

effective materials. In their work, Kristianto et al.

(2019) presented a method of eggshell powder mod-

ification to increase the efficiency of nickel ion

removal. Dried chicken eggshells were subjected to

calcination at 850 �C for 4 h using an electrical muffle

furnace. This process resulted in changing CaCO3,

present in the shells, into CaO while increasing the

porosity of the material. The resulting calcined

eggshell powder had a sorption capacity of

769.23 mg�g-1, which is 60 times higher than the

material without the above modifications. The authors

speculate that this large increase in sorption capacity

may be due to the increased porosity of the material

after the calcination process. The treatment of egg-

shells proposed by Kristianto et al. (2019) is found to

be extremely effective when compared to other

literature reports on the use of eggshells. However,

the lower eggshell efficiencies described by the

researchers were often associated with the use of

Table 2 Selected natural materials with high removal percentage and process parameters

Material Removal

percentage

of Ni(II)

Concentration

(mg�L-1)

Quantity of

material

qm

(mg�g-1)

Process parameters References

Bamboo

activated

carbon

98.7% 99 1.5 g�L-1 61.35 pH = 5.5 contact time 110 min.

agitation speed 25 rpm, particle size

0.6 mm

(Sivakumar

et al. 2018)

Regenerated

cellulose

98% 32.5 0.4 g

2 g�L-1
pH = 6.4 contact time 175 min

agitation speed 500 rpm temperature

25 �C volume 200 ml

(Davarnejad

et al. 2018)

Acid treated

Lantana
camara fruit

97% 25 0.8 g 5.29 pH = 5 contact time 70 min. agitation

speed 160 rpm temperature 25 �C
(Nithya et al.

2017)

Sugarcane

bagasse

97.9% 25 1.5 g contact time 70 min (Rico et al.

2018)

Peat soil 96% 12 1 g

100 g�L-1
contact time 24 h (Mohamad

et al. 2018)

Eggshells 94% 100 7 g

70 g�L-1
pH = 7 contact time 360 min.

temperature 24 �C volume 100 ml

(Mashangwa

et al. 2017)

Phoenix
dactylifera
activated

carbon

90.3% 10 5 g�L-1 pH = 6 time 100 min, temperature

temperature 25 �C
(Foroutan

et al. 2017)

Eichhornia
crassipes

90% 4.5 1 g 4 g�L-1 pH = 4 contact time 60 min agitation

speed 150 rpm temperature 25 �C
volume 250 ml

(Ugya et al.

2019)

Pistia stratiotes 87% 4.5 1 g 4 g�L-1 pH = 4 time. 60 min agitation speed

150 rpm temperature 25 �C volume

250 ml

(Ugya et al.

2019)

Nymphaea
lotus

86% 4.5 1 g 4 g�L-1 pH = 4 time. 60 min agitation speed

150 rpm temperature 25 �C volume

250 ml

(Ugya et al.

2019)
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material that had not been subjected to the calcination

process as in the results presented by Kristianto et al.

Vinegar-treated eggshell waste biomass was also used

by Stevens and Batlokwa (2017) to remove nickel

ions. For the tested wastewater with an initial

concentration of 25 mg Ni�L-1 at a sorbent dosage

of 81 mg and contact time of 73 min, the authors

obtained a nickel(II) percentage removal of 79%.

Mashangwa et al. (2017), using dried and ground

chicken eggshells, determined an optimal sorption

process parameters of pH 7, adsorbent dosage of 7 g,

and contact time of 360 min (for the removal of

100 mg�L-1 metal ions). Using these parameters

allowed for the removal of 97% lead, 95% copper,

94% nickel, and 80% zinc from the solution. Sankaran

et al. (2020) investigating the sorption of zinc ions

using calcined eggshells determined that the ions were

adsorbed onto the surface of the material through

electrostatic interactions and/or cation exchange pro-

cess. CaCO3, constituting more than 90% of the

eggshell composition, would undergo displacement

reaction in aqueous media. The calcination process at

high temperature (above 800 �C) changes CaCO3 into

CaO. The shells are likely to dissolve and partially

release Ca2?, CO3
2-, HCO3

:, and OH- ions, which

can be adsorbed on the surface of the material

rendering the negative charge properties (Zulfikar

et al. 2012). At the same time calcium ions can be

exchanged with other metal ions from the solution and

thus can be adsorbed onto the negatively charged

surface of the shells. The dissolution process of calcite

in the eggshell can simultaneously increase the

alkalinity of the solution, which together with the

dependence of metal uptake on pH can significantly

affect the sorption results achieved. Given the

increased pH of the solution it is likely that in addition

to sorption some metal ions are removed by hetero-

geneous and/or homogeneous precipitation of metals

in the form of hydroxides, carbonates and/or hydrox-

ycarbonate composites (Mashangawa et al. 2017).

Another material within this group with high value of

sorption capacity was novel flower globular magne-

sium hydroxide material (FGMH), which was pre-

pared by way of gentle method using trisodium citrate

as a crystal modifier (Jiang et al. 2019). The resulting

material was characterized by a high surface area.

Using optimal parameters (30 mg of FGMH, a 50 min

contact time, pH values between 6.07 and 7.71 for the

Ni(II) solution, and adsorption at room temperature for

50 mL of 80 mg�L-1 Ni(II) solution), the sorption

capacity obtained was 287.11 mg�g-1. The analyses

performed by the authors indicate that nickel ions were

chemisorbed on the surface of the material.

Similar performance results were obtained by the

best of the materials classified into groups of biomass

or miscellaneous. For the biomass materials, the best

was presented by Akar et al. (2019). The authors used

Platanus orientalis bark with and without nitric acid

activation as a biosorbent to remove Cr(VI) and Ni

from nickel–chromium plating wastewater. Based on

isotherm models, the maximum amount of nickel ions

adsorbed was 126.58 mg�g-1 for material without

activation. After acid activation with HNO3 maximum

capacity increased, the value of qm was 285.7 mg

Ni�g-1. Acid treatment increased the sorption capacity

of the material twofold, but the results obtained for the

material without treatment still rank among the best in

this category.

For the group miscellaneous containing all other

natural materials that could not be clearly classified

into any of the created groups, the best results were

obtained by microbial flocculant. The microbial

flocculant GA1, used in Zhou et al. (2017) and

obtained from the fermentation fluid of Paenibacillus

polymyxa GA1, was the most effective in that group.

This is an extracellular polymeric substance (EPS)

with variable molecular weight and structural proper-

ties, containing many polysaccharides, several pro-

teins, and nucleic acids. The researchers were able to

achieve, under optimal conditions, a 99.35% removal

rate for nickel ions, while the sorption capacity of the

test material was 225.1 mg�g-1. Analysis of the

process mechanism showed that bridging with pre-

cipitation enmeshment plays an important role in the

flocculation and biosorption process.

Considering the best sorption capacity results for

the groups, waste materials and peat had the lowest

sorption capacity values. For peat, qm values oscillated

within a range of 16–61 mg�g-1. Even modification or

treatment of this material did not sufficiently increase

its effectiveness for nickel ion removal. For NaOH and

HCl-treated peat, Leiviskä et al. (2018) recorded

sorption capacities of about 35 and 23 mg�g-1,

respectively. At the same time, for peat without any

modification, Bartczak et al. (2018) managed to

achieve a value of 61.27 mg Ni�g-1.

In the case of waste materials, their undoubted

advantage is the fact that they are easily accessible and
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cheap, while their further use in accordance with the

principles of a closed-cycle economy, which is an

alternative to utilization, positively affects the envi-

ronment. Unfortunately, despite these many advan-

tages, waste materials presented in the literature did

not show a high sorption capacity. In this category, the

best results were obtained using olive stone waste,

which is waste emanating from an oil extraction plant.

Bobadilla et al. (2020) obtained maximum sorption

capacity for the analyzed material at the level of

56 mg�g-1. At the same time, they emphasized in their

work that the proposed solutions may prove to be

effective in the case of nickel ion removal from

wastewater in a safe, economical and environmental-

friendly manner, while allowing to solve the problem

of olive stone waste accumulation.

5 Identification

Considering the great variety of materials used, their

characterization in terms of physical properties as well

as elemental composition is also presented in studies

in a very diverse manner. Scanning electron micro-

scopy (SEM) is a technique that is often used to study

the surface morphology of a biosorbent before and

after the biosorption of metal ions, particularly the

changes in cell wall structure after metal ion binding.

Moreover, the combination of SEM and EDX (energy

dispersive X-ray) techniques provides valuable infor-

mation on the distribution of different elements on the

surface of biomass.

Guarı́n-Romero et al. (2019) imaged the biomass

surface of Brown Algae Durvillaea Antarctica

through SEM studies. In the raw state, an irregular

and rough surface was observed with cavities provid-

ing space for interaction with ions in solution. In

contrast, the biomass after sorption of Ni(II) and

Cr(III) ions was characterized by the presence of

homogeneous open cavities of about 20 lm in diam-

eter. It was indicated that the interaction of the

material surface with metal ions may cause a change in

the structure and opening of the cavities. The analysis

of EDX spectrum confirmed the increased presence of

nickel and chromium after the biosorption process.

In the SEM images of Tectona grandis biochar,

presented by Vilvanathan and Shanthakumar (2018), a

clear pattern of the distribution of pores on the

adsorbent surface can be observed. The material’s

open, exposed and patterned pores can favorably

accommodate the metal ions. The authors indicated

that the pore-occupying particles visible after the

sorption process could be Ni2? and Co2? ions, which

was further confirmed by EDX analysis. The research-

ers concluded that Tectona grandis biochar has good

adsorption potential with evenly distributed exposed

pores, which can reduce mass transfer resistance and

can facilitate metal ion diffusion, thereby improving

the adsorption capacity of the adsorbent.To study the

mechanisms of biosorption, it is necessary to identify

the sorbent functional groups that are involved in this

process. Fourier-transform infrared spectroscopy

(FTIR) provides important information related to the

nature of the bonds and allows for the identification of

different functional groups in the cell wall structure.

The shifts of bands in contaminant-loaded biomass

compared to the natural state indicate the degree of

interaction between functional groups and a given

contaminant (Murphy et al. 2007). There are several

characteristic areas observed in the FTIR spectra of

biomaterials, but it should be kept in mind that due to

the wide variety of these types of materials, there may

be differences among them. Here are examples of

stretching frequencies observed in the spectra. Bonded

–OH groups were observed at 3130–3300 cm-1

(Sharma and Shukla 2021), and –OH and –NH

3370–3410 cm-1 (Sheng et al. 2004). At 2925 cm-1

authors noted asymmetric and at 2854 cm-1 symmet-

ric stretching band of aliphatic chains (Pons et al.

2004). The absorbance peaks at 1738 cm-1 corre-

spond to the C=O stretch of COOH, and at 1.630 cm-1

asymmetric stretching C=O (Fourest and Volesky

1996; Figueira et al. 1999). At 1550–1530 cm-1 N–H

in plane (amide-II) (Ibarra et al. 1996; Zaccheo et al.

2002; Sheng et al. 2004), and at 1,450 cm-1: sym-

metric stretching C = O (Fourest and Volesky 1996).

Authors reported also C–H deformations at

1450 cm-1, 1370 cm-1 (Parker 1971; Solomon et al.

2005), and combination of C–O stretching and O–H

deformation at 1080–1030 cm-1 (Grube et al. 2006).

Changes in the adsorbent’s FTIR frequencies

before and after adsorption can indicate which func-

tional groups present are involved in the process.

Aravind et al. (2015) observed that the peak

absorbance in pigeon pea under biosorbent loaded

with Ni(II) is subsequently lower compared to the

starting material. The paper reported that the FTIR

frequencies after the adsorption process were
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3395 cm-1 for O–H stretch, 1631 cm-1 for C = O

bond, 1473 cm-1 for C=C bond, 1424 cm-1 for C–O

stretch, and 850 cm-1 for C–H bond. According to the

authors, this indicates that in the presence of nickel,

bond stretching occurs to a lesser extent and conse-

quently peak absorption is attenuated. The main

functional groups involved in effective nickel removal

are attributed to the presence of C=O, C–O, O–H, and

C-H bonds, which can coordinate with nickel. In

another work on nickel sorption using Indian goose-

berry seeds (Aravind et al. 2017), the authors observed

a similar relationship of a decrease in the absorbance

of peaks after the adsorption process. The peak shifts

showed that the stretching of O–H group, bending of

C–H groups, stretching of C–Br, C–N, C=O, C=C, and

C–C bonds were responsible for the adsorption of

Ni(II). Guarı́n-Romero et al. (2019) noted that the

spectrum of Brown Algae biomass, consumed after the

sorption process, revealed several changes in the

intensity and frequency of some peaks which may

suggest that these functional groups are involved in the

interactions and adsorption mechanism. For example,

the peak at 3510 cm-1 shifted to lower frequencies in

both cases (Ni(II) and Cr(III) biosorption), suggesting

that -OH and -NH groups are involved in the

absorption of metal ions.

Several authors have complemented the character-

isation of the materials tested with determination of

the pH of point zero charge (pHpzc). For a mixture of

three nonliving algae classes the authors determined

that pHpzc was approximately 5.8, which indicates

that beyond this pH value the surface of this biomass

will be negatively charged (Mohammed et al. 2019).

pH above 8 was excluded from effect study to prevent

removal of Ni(II), by other mechanisms like precip-

itation. The maximum biosorption efficiency of 75%

was observed at pH 7. Singh and Shukla (2017)

observed that pHpzc of Citrus limetta peels was 4.85.

Authors noted higher hydrogen ions sorption at

pH\ pHpzc as compared to Ni(II), but on the other

hand at pH[ pHpzc, the uptake of Ni(II) was higher.

The maximum adsorption capacity was observed at

pH 6, hence it was considered as optimum pH.

6 Effect of adsorption parameters

6.1 Initial pH

Solution pH is one of the important factors in the

removal of heavy metals from aqueous solutions

(Akpomie and Conradie 2020). Biosorption is mainly

based on the ion exchange mechanism between metal

ions and existing counter-ions on negatively charged

ionic groups. The maximum adsorption capacity of the

material can be reduced at low pH values owing to

increased competition between protons and metal ions

for binding sites. On the other hand, at high pH, metal

ions can be precipitated in the form of hydroxides and

this is a significant risk affecting the adsorption

capacity. Based on nickel stability diagrams, it can

be observed that in acidic, neutral and fairly basic

solutions, at pH below 8.0, Ni2? ions are the dominant

form of nickel. When the pH exceeds 8, insoluble

nickel(II) hydroxides precipitate (Beverskog and

Puigdomenech 1997). Therefore, the reduction of

Ni(II) concentration in the presence of an adsorbent at

pH[ 8 depends not only on its adsorption itself, but

also on the chemical precipitation of Ni(OH)2. How-

ever, experimental results clearly indicate that acidic

pH is not conducive to nickel ion adsorption, and

maximum adsorption capacities are obtained by

researchers at pH in the range of 4 to 8. In studies

conducted by Cruz-Lopes et al. (2021), the pH range

of 2.5 to 7.5 was investigated. Finally, the effect of pH

value on nickel removal was clearly determined using

four different biosorbents. It was found that the best

nickel removal efficiencies were achieved at pH 5 for

all biosorbents tested. The highest adsorption was

obtained with chestnut shell, reaching 75% followed

by walnut shell (71%), burnt wood (64%) and wood

(45%). In another nickel, cadmium and lead biosorp-

tion study conducted using chitosan waste shrimp

extract, the optimum pH for nickel removal from

aqueous solutions was 7 (Marzuki et al. 2019). As the

pH of the medium increases, the adsorption capacity

of the biosorbent increases to a maximum at pH 7.

Beyond this point, the adsorption capacity decreases.

Guo et al. (2018) examined removal of Ni2? and Cd2?

from wastewater using a green longan hull adsorbent.

For the initial nickel ions concentrations of 50 mg�L-1

and the absorbent quantity of 0.5 g the maximum

adsorption occurred at pH 4.5–5.5. The adsorption

capacity of Ni2? and Cd2? increased in the pH range

123

Rev Environ Sci Biotechnol (2022) 21:105–138 115



from 1 to 5. At pH above 7.0, the cadmium and nickel

hydroxides became insoluble, and the adsorption

capacity of metal ions decreased dramatically.

Authors explained nickel adsorption capabilities at

pH 1–5.5 by the fact that the metal ions compete with

hydrogen ions for the binding sites on the surface of

the dried longan hull. In addition, when the pH

increases, there is an increase in the negative surface

charge, which results in a lower electrostatic repulsion

between the positively charged metal ions and the

surface of the longan hull, which favors the adsorption

process.

6.2 Initial metal concentration

The initial metal ion concentration is a key driving

force for metal ions to overcome the mass transfer

resistance between the aqueous and bulk phases.

Therefore, the change in the initial nickel ion concen-

tration is an important factor that should be investi-

gated in the biosorption tests carried out. Aravind et al.

(2017) examined the effect of initial Ni (II) concen-

tration on the adsorption system involving gooseberry

seed powder as biosorbent. Initial nickel ions conce-

trations ranged from 20 to100 mg�L-1. Authors

observed that the increase in initial Ni (II) concentra-

tion decreased the removal efficiency of the adsorbent

what may be attributed to the saturation of metal

binding sites in the adsorbent. Nickel adsorption using

yeast Saccharomyces cerevisiae was carried out by

Zinicovscaia et al. (2021). Increase of the Ni(II)

concentration from 10 to 100 mg�L-1 resulted in

raising of its sorption on yeast biomass from 0.6 to

3.95 mg�g-1 in Ni(II) system. The authors concluded

that at lower concentrations of metal ions in solution

high metal biosorption is associated with the large

number of the available sorption sites. At higher

concentrations, the available sites of biosorption

became fewer and saturation of the sorption sites is

observed, resulting in the decrease of metal ion

removal.

6.3 Temperature

The temperature of the sorption reaction is usually of

little importance due to the fact that most reactions are

exothermic and temperature independent. However,

exceptions can also be found in the literature. In some

cases, temperature can affect the interaction between

metal ions and biomass.

For the adsorption of Ni(II) ions on Citrus Limet-

tioides peel and seed carbon authors investigated

correlation between temperature and the removal rate

of Ni(II) ions (Sudha and Srinivasan 2015). In a batch

adsorption studies were performed at different tem-

peratures (27, 37, 47 �C) for the initial Ni(II) ions

concentration of 10 mg�L-1 at constant adsorbent

dose of 1 g�L-1 and an optimum pH value of 5

maximum removal was obtained at 27 �C. The

percentage removal of Ni(II) ions decreases with the

increase in temperature suggesting that the adsorption

between Ni(II) and CLPC, CLSC is an exothermic

process. Gupta et al. (2019) studied effect of temper-

ature on sorption using A. barbadensis Miller waste

leaves powder in the temperature range 20–60 �C at

pH 7. Simmilar to other papers, it was found that

uptake capacity decreased with an increase in tem-

perature. Authors noted that the value of sorption rate

constant slightly decreased between 40 and 60 �C and

above 40� very much decreased. The observed rela-

tionship was associated with a reduced surface activ-

ity, suggesting that the process occurring is

exothermic. This variation in nickel removal appears

to be caused by a reduction in boundary layer

thickness due to enhancement of relative escaping

tendencies of the metal ions from aqueous phase to the

bulk. Furthermore, the decrease in removal at increas-

ing temperatures may also be attributed to the

increased solubility of the metal at relatively higher

temperatures. In the work presented by Aranda-Garcı́a

et al. (2018), the effect of temperature on Ni(II)

biosorption by Acorn Shell of Quercus crassipes was

examined in the temperature range from 20 to 60 �C.

Results shows that the material biosorption capacity

and rate increased with the increasing temperature of

the biosorption system. These results suggest that the

Ni(II) biosorption process is endothermic in nature and

that a chemical reaction between Ni(II) ions and the

Acorn Shell of Quercus crassipes surface is involved

in the biosorption. The observed phenomenon was

explained by the authors as possibly resulting from

several factors such as a rise in the kinetic energy, an

increase in the meterial surface activity, improved

desolvation of Ni(II) ions; a decrease in the thickness

of the boundary layer surrounding the biosorbent, or

an increase in the material active sites. As can be seen

from the literature data, the effect of temperature for
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the different types of biosorbents is very different.

Some biomasses show a positive effect of increasing

temperature on the sorption capacity, while others

show the opposite.

6.4 Contact time

The results of kinetic studies show that the adsorption

rate of Ni(II) ions on different types of adsorbents can

be highly variable and difficult to predict. Modyfied

adsorbents and composites usually require a longer

time to reach equilibrium than for example waste

materials. This difference may be related to structural

and physicochemical properties (density, surface area,

pore size, accessibility of adsorption sites etc.) and

more complex structure. In the case of waste materials,

a biosorbent is a waste product from some production

process which can affect its properties. The shortest

equilibrium times of 15 min among analysed materi-

als were achieved by peat (Bartczak et al. 2018). The

next shortest equilibrium times (20 min) were

obtained by pistachio hull waste and waste powdered

activated sludge biomass from waste category and

The Curtobacterium sp. FM01 from category Mis-

calaneous. On te other hand, an equilibrium time of

more than 180 min was achieved for the brown

macroalgae Fucus vesiculosus biomass and several

materials in the composites/modified category. The

longest equilibrium time recorded by the researchers

among the analysed materials was 960 and was

achieved for Meerchaum (Nodular Sepiolite) by

Kipcak et al. (2020). In addition, other process

parameters such as solution pH, temperature and

mixing conditions can also affect the adsorption rate.

7 Kinetics

Kinetic and isothermal models are used for the

mathematical modeling of biosorption processes. In

the case of kinetic models as described in papers on

biosorption, the authors usually focus on pseudo-first

and pseudo-second order models. There is an advan-

tage towards one of them due to the fact that most of

the researchers reported results that followed the

pseudo-second order kinetic model (Table 3). How-

ever, there are also examples in the literature for which

the pseudo-first order model provides a better fit for

the results obtained (Chandra Joshi et al. 2019;

Priyantha and Kotabewatta 2019). Another of the

frequently used models is the Elovich model which in

the work of Richard et al. (2020) obtained the best fit

for all the materials analyzed.

Traditionally, the most commonly used kinetic

models are the pseudo-first order and pseudo-second

order. From these models, various parameters are

derived to characterize the process rate, time to

equilibrium, and even to determine which process

steps may be limiting. The determination of the

pseudo-first order and pseudo-second order kinetic

models follows the equation, respectively (1) and (2).

� dqt
dt

¼ ks1 qe � qtð Þ ð1Þ

where: qe [mg�g–1] is the adsorbent equilibrium

adsorption capacity and qt [mg�g–1] is the adsorbent

adsorption capacity at time t, ks1 [min–1] is the first-

order rate constant of this adsorption model.

� dqt
dt

¼ k2 qe � qtð Þ2 ð2Þ

where: qe [mg�g–1] is the adsorbent equilibrium

adsorption capacity and qt [mg�g–1] is the adsorbent

adsorption capacity at time t, k2 [g�(mg�s)–1] is the

second-order rate constant of this adsorption model.

Adsorption isotherms indicate the distribution of

molecules between the liquid and solid phases when

the adsorption process reaches equilibrium. It is used

to determine the maximum sorption capacity of

adsorbents and is expressed as the amount of adsorbed

metal per unit mass of the adsorbent used. Of the

isotherm models, the ones most often used are the

Langmuir (Marzuki et al. 2019) and Freundlich

(Foroutan et al. 2019) isotherms.

The Langmuir model assumes that the surface is

homogeneous. This model clearly indicates that

adsorption sites have equal sorbate affinity. Further-

more, adsorption at one site does not affect sorption at

a adjacent site. This model explains well the formation

of a monolayer coverage of the adsorbate on the outer

surface of the adsorbent (Eq. 3).

qeq ¼
qmaxbLCeq

1 þ bLCeq
ð3Þ

where: bL is the Langmuir constant related to adsorp-

tion capacity [mg�g–1], which correlates the variation

of the suitable area with the porosity of the adsorbent.
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Table 3 Influence of contact time and the kinetic model applied to the biosorption of nickel ions onto different natural materials

Material Contact

time (min)

Equilibrium

time (min)

Kinetic models

applied

Best fitted

model

References

Biomass

Immobilized Bacterial biomass 0–1440 PFO, PSO, IPD,

BK

PSO (Naskar and Bera 2018)

Acorn shell of Q. crassipes 0–7200 PFO, PSO PSO (Aranda-Garcı́a and

Cristiani-Urbina 2018)

CaCl2-treated biomass of the

Padinasanctae-crucis algae

0–200 PFO, PSO, IPD,

EV

PSO (Foroutan et al. 2018)

Brown macroalgae Fucus
vesiculosus

0–1440 240 PFO, PSO, EV (Moreira et al. 2019)

Euglena gracilis protist 0–300 50 PFO, PSO PSO (Winters et al. 2017)

Brown Algae Durvillaea antarctica
biomass

(Guarı́n-Romero et al.

2019)

Yeast Yarrowia lipolytica biomass 0–180 60 PFO, PSO PSO (Wierzba 2017)

Callinectes sapidus biomass 0–140 60 PFO, PSO PSO (Foroutan et al. 2018)

NaOH treated Streptomyces rimosus
biomass

0–300 100 PFO, PSO PSO (Yous et al. 2018)

Liagora viscida algae 0–200 50 PFO, PSO PSO (Komarabathina et al.

2020)

Sphagnum peat moss 0–1440 120 PFO, PSO, EV EV (Richard et al. 2020)

Brown algae Cystoseria indica 10–180 60 PFO, PSO, IPD IPD (Khajavian et al. 2019)

Seagrass (Cymodocea nodosa) 0–100 30 PFO, PSO PSO (Moawad et al. 2020)

Artocarpus nobilis pruit peel 0–100 30 PFO, PSO PFO (Priyantha and

Kotabewatta 2019)

Composites/Modyfied

Chemically activated palm kernel

chaf biochar

5–120 FO, SO, PFO,

PSO, IPD

PSO (Nnaji et al. 2021)

NIPAM grafted cellulose based

copolymer

0–1440 300 PFO, PSO, EV,

IPD

PSO (Kumar and Sharma 2019)

Rice husk cellulose-g-NIPAM-co-

GMA graft copolymer

PFO,PSO, EV,

IPD

PSO (Kumar et al. 2019)

Chitin-lignin hybrid malerial 0–180 30 PFO, PSO PSO (Bartczak et al. 2017)

Chitosan-g-maleic acid 0–300 180 PFO, PSO, IPD PSO (Ibrahim et al. 2019)

Rice husk cellulose grafted with

binary vinyl monomers

0–1440 180 PFO, PSO, EV,

IPD

IPD (Sharma et al. 2019)

Alginate-based biosorbent from

seaweed Sargassum sp.
0–600 180 PFO, PSO, IPD IPD (Barquilha et al. 2019)

Chemically modified Eclipta alba
stem powder

0–100 40 PSO, IPD PSO (Naik et al. 2017)

Citrus limetta leaves activated

carbon

0–120 60 PFO, PSO PSO (Aboli et al. 2020)

Chitosan-iron oxide nanocomposite 0–50 30 PFO, PSO, EV PSO (Keshvardoostchokami

et al. 2017)

Bioclastic Granules from

Lithothamnium cal-careum algae

0–260 20 PFO, PSO PSO (Veneu et al. 2019)

Alginate-coated chitosan

nanoparticles

0–120 PFO, PSO PSO (Esmaeili and

Khoshnevisan 2016)

Tectona grandis biochar 0–180 60 PFO, PSO, EV,

IPD, BK, BP

PSO (Vilvanathan and

Shanthakumar 2018)
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The basic properties of the Langmuir isotherm can

be explained by a dimensionless constant called the

Langmuir separation factor RL, which is calculated

according to Eq. (4):

RL ¼ 1

1 þ bLqmax
ð4Þ

where the RL values indicate if adsorption is just

unfavorable for RL[ 1, linear for RL = 1, favorable

for 0\RL\ 1, and irreversible for RL = 0.

The Freundlich adsorption isotherm model deter-

mines the degree of heterogeneity of the adsorbent

surface. The adsorption sites consist of small hetero-

geneous adsorption sites, each of which is homoge-

neous (Kurniawan et al. 2006). This model is

presented in Eq. (5):

qeq ¼ aFC
1
nF
eq ð5Þ

where: aF is Freundlich adsorption capacity [L�mg–1],

and nF is adsorption intensity.

The adsorption capacity also indicates the relative

energy distribution and heterogeneity of adsorbate

adsorption sites. The larger the value of adsorption

capacity aF, the greater the adsorption capacity. The

magnitude of 1/nF ranges from 0 to 1, and is an

indicator of favorable adsorption, becoming more

heterogeneous as its value tends towards zero (Yaqub

and Lee 2019; Zhang et al. 2019).

Most of the literature reports focus on the models

presented, determining the one whose fit parameters

are better and which one is more favorable. Depending

on the material used and the way the tests were

conducted, researchers often note a good fit for the

Freundlich and Langmuir models (Table 4). However,

it is not clear which model appears more often in the

literature as being the one with a better fit for sorption

Table 3 continued

Material Contact

time (min)

Equilibrium

time (min)

Kinetic models

applied

Best fitted

model

References

Calcium Alginate-Spent Cofee

Grounds composite

0–1440 120 PSO PSO (Torres-Caban et al. 2019)

Walnut shells waste biochar 0–120 20 PFO, PSO, EV,

IPD, BK, BP

IPD (Georgieva et al. 2020)

H. fusiformis biochar 0–1600 100 PFO, PSO PSO (Shin 2017)

Alginate-impregnated hemp fibers 0–350 120 PFO, PSO PSO (Zdujić et al. 2021)

Waste

Citrus limetta peels waste 0–200 45 PFO, PSO PSO (Singh and Shukla 2017)

Pistachio Hull Waste 0–200 20 PSO PSO (Zamani Beidokhti et al.

2019)

Waste powdered activated sludge

biomass

0–400 20 PFO, PSO, IPD,

EV

PSO (Aslan et al. 2018)

Green wastes compost 0–1440 300 PFO, PSO, EV EV (Richard et al. 2020)

Brewery sludge 0–400 120 PFO, PSO PSO (Kulkarni et al. 2019)

Peat

Peat 1–240 15 PFO, PSO PSO (Bartczak et al. 2018)

Miscalaneous

Microbial flocculant GA1 0–600 PFO, PSO PSO (Zhou et al. 2017)

The Curtobacterium sp. FM01 5–720 20 PFO, PSO PSO (Masoumi et al. 2016)

White-rot fungi Phanerochaete
chrysosporium

0–100 30 PFO, PSO PSO (Noormohamadi et al.

2019)

Meerchaum (Nodular Sepiolite) 0–3000 960 PFO, PSO, IPD PFO (KIPÇAK et al. 2020)

Saccharomyces cerevisiae 5–120 60 PFO, PSE, EV PFO (Zinicovscaia et al. 2021)

FO- First order model, SO- Second order model, PFO- Pseudo-first order model, PSO- Pseudo-first order model, EV- Elovich model,

IPD- Intraparticle diffusion model, BK- Bangham’s kinetic model, BP- Boyd’s plot
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using natural materials. Despite the very high popu-

larity of these models, there are also studies whose

results were obtained from an attempt to fit less

popular models or to ensure that a better fit was

obtained for them. In a study on heavy metal removal

using heavy metal-resistance bacterium, Zhang et al.

(2017a) used the Langmuir–Freundlich dual model

which is a modification of the Langmuir and Fre-

undlich models. The experimental kinetic data

obtained provided a good fit for the model used

(R2[ 0.97). The data also follows the pseudo-second

order model which indicates the simultaneous occur-

rence of both physical and chemical sorption. A

combination of the characteristics of both Langmuir

and Freundlich models into the Sips model was used

by Guarı́n-Romero et al. (2019). Studies on sorption at

the surface of brown algae showed that the Sips model

presented the best fit to the data obtained for single

system and competitive adsorption of the Ni(II) ion

with Cr(III) and/or Cr(VI). In their work on Ni2? and

Zn2? biosorption onto Lemna gibba, Morales-Barrera

et al. (2020) presented results for different models.

They found the Freundlich and Redlich-Peterson

models to best represent the isotherm of Ni2? ion

biosorption by L. gibba, while the Langmuir and

Redlich-Peterson models best described the equilib-

rium pattern of Zn2? biosorption. In a study on nickel

removal from wastewater using gooseberry seeds,

Aravind et al. (2017) tested the data obtained from

studies on their applicability to different isotherm

models: Langmuir, Freundlich, Temkin and Dubinin–

Radushkevich, Harkins–Jura and Frumkin isotherm.

The best fitting coefficient value was obtained for the

Harkins–Jura model, which accounts for multilayer

adsorption and can be explained by the existence of a

heterogeneous pore distribution. In a study on the

removal of divalent nickel from aqueous solution

using blue-green marine algae, Ramadoss and Subra-

maniam (2019) focused on the adsorption modeling

and applicability of various isotherm models. The

results obtained under laboratory conditions were

tested to fit both popular isotherm models and those

rarely used. The wide range of analyses performed will

allow the authors to determine whether the Fritz-

Schlunder-V isotherm model is highly significant in

establishing the mechanism of adsorption of Ni(II)

under the conditions employed in their investigation

followed by Freundlich model.

8 Biosorption mechanisms

The complexity of the structures of natural materials

suggests that there are many possible ways for metal

uptake by their cells. Because of this, the mechanisms

of biosorption are diverse and, in some cases, still not

very well understood. Vegliò and Beolchini (Veglio’

and Beolchini 1997) proposed, among others, a

classification of mechanisms based on the location

where the removed metal is found after sorption

(Fig. 3). In the case of physical adsorption, ion

exchange and complexation being the physicochemi-

cal interactions between the metal and functional

groups of the cell surface, we are dealing with surface

sorption which does not depend on metabolism.

Intracellular accumulation occurs due to metal trans-

port across the cell membrane. This type of biosorption

is dependent on cell metabolism and can only occur in

living cells. Metal precipitation can actually occur both

in solution and at the cell’s surface (Garbowski et al.

2020a). If, in the presence of metals, microorganisms

produce compounds that promote the precipitation

process, the process will be dependent on the cell’s

metabolism. Conversely, if it occurs after a chemical

interaction between the metal and the cell surface, the

process may be independent of cell metabolism.

Different functional groups are involved in the

biosorption of metals (Rico et al. 2018), therefore the

pH affecting their charge, and thus the amount of

biosorbed metal, is very important. Given that cationic

forms are usually among the predominant forms of

metals in an aqueous solution, the more negative the

charge of the biosorbent, the greater the amount of

biosorbed metal. For this reason, the most suitable pH

range for metal biosorption is 7.0–8.0. At lower pH

Fig. 3 Biosorption mechanisms (own study based on (Veglio’

and Beolchini 1997))

123

120 Rev Environ Sci Biotechnol (2022) 21:105–138



Table 4 Selected Isotherms, thermodynamic parameters and maximum monolayer adsorption capacity of different materials used

for nickel sorption

Material Isotherms applied Best

fitted

model

Maximum

uptake

(mg�g-1)

DH� DS� References

(kJ�mol-1) (J�molK-1)

Biomass

Platanus orientalis bark LM, FM FM 285.71 (Akar et al. 2019)

Immobilized Bacterial

Biomass

LM, FM, LFM,

RPM, FHM

RPM,

LFM

157.79 10.11 34.6 (Naskar and Bera 2018)

Acorn shell of Q. crassipes LM, FM, BET FM 104.17 8.78 -0.231 (Aranda-Garcı́a and

Cristiani-Urbina

2018)

CaCl2-treated biomass of the

Padinasanctae-crucis algae

LM, FM LM 78.74 37.88 131.3 (Foroutan et al. 2018)

Brown macroalgae Fucus
vesiculosus

LM, FM, TM,

RPM, Sips

Sips 70 - 14.62 0.042 (Moreira et al. 2019)

Lemna gibba LM, FM RPM, Sips RPM,

Sips

52.83 (Morales-Barrera et al.

2020)

Euglena gracilis protist LM, FM FM 50.1 (Winters et al. 2017)

Aluminate treated Casuarina
equisetifolia leaves

LM, FM, TM, Sips LM 39 (Khan Rao and

Khatoon 2017)

Brown Algae Durvillaea
antarctica Biomass

LM, FM, RPM,

Sips, THM

Sips 32.85 (Guarı́n-Romero et al.

2019)

Yeast Yarrowia lipolytica
biomass

LM, FM LM 30.12 - 6.22 0.079 (Wierzba 2017)

Callinectes sapidus biomass LM, FM FM 29.15 - 26.26 - 17.79 (Foroutan et al. 2018)

NaOH treated Streptomyces
rimosus biomass

LM, FM LM 22.8 (Yous et al. 2018)

Liagora viscida algae LM, FM, TM LM 22.77 6.84 8.85 (Komarabathina et al.

2020)

Sphagnum peat moss LM, FM FM 22 (Richard et al. 2020)

Brown algae Cystoseria
indica

LM, FM FM 18.17 (Khajavian et al. 2019)

Seagrass (Cymodocea
nodosa)

LM, FM LM 16.7 (Moawad et al. 2020)

Artocarpus nobilis pruit peel LM, FM LM 12.05 (Priyantha and

Kotabewatta 2019)

Composites/Modyfied

Calcined Eggshells LM, FM, TM,

DRM

LM 769* (Kristianto et al. 2019)

Chemically activated palm

kernel chaf biochar

LM, FM, TM,

DRM, FHM,

KCM

KCM,

DRM

120.6 - 49.7 265,9 (Nnaji et al. 2021)

NIPAM grafted cellulose

based copolymer

LM, FM, TM LM 79.78 (Kumar and Sharma

2019)

Rice husk cellulose-g-

NIPAM-co-GMA graft

copolymer

LM, FM, TM LM 74.68 (Kumar et al. 2019)

Chitin-lignin hybrid malerial LM, FM LM 70.41 7.07 24.53 (Bartczak et al. 2017)
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Table 4 continued

Material Isotherms applied Best

fitted

model

Maximum

uptake

(mg�g-1)

DH� DS� References

(kJ�mol-1) (J�molK-1)

Chitosan-g-maleic acid LM, FM, TM LM 70.1 (Ibrahim et al. 2019)

Rice husk cellulose grafted

with binary vinyl

monomers

LM, FM, TM LM 69.06 (Sharma et al. 2019)

Alginate-based biosorbent

from seaweed Sargassum
sp.

LM, FM, Sips Sips 67.33 3.53 103.22 (Barquilha et al. 2019)

Chemically modified Eclipta
alba stem powder

LM, FM, DRM,

TM

LM 62.5 (Naik et al. 2017)

Citrus limetta leaves

activated carbon

LM, FM LM 58.139 - 49.52 - 141.51 (Aboli et al. 2020)

Chitosan-iron oxide

nanocomposite

LM, FM, TM LM 57.86 (Keshvardoostchokami

et al. 2017)

Mangosteen shell activated

carbon

LM, FM LM 57.14 (Anitha et al. 2021)

Bioclastic Granules from

Lithothamnium cal-careum

algae

LM, FM, DRM LM 45 (Veneu et al. 2019)

Alginate-coated chitosan

nanoparticles

LM, FM FM 33.33 (Esmaeili and

Khoshnevisan 2016)

Tectona grandis biochar LM, FM, TM,

DRM

LM 32.89 29.23 114.76 (Vilvanathan and

Shanthakumar 2018)

Calcium Alginate-Spent

Cofee Grounds composite

LM, FM, Sips Sips 20.96 (Torres-Caban et al.

2019)

Walnut shells waste biochar LM, FM, DRM,

TM, RPM, THM,

Sips

THM 13.92 - 29.43 12.15 (Georgieva et al. 2020)

H. fusiformis biochar LM, FM LM 12.13 (Shin 2017)

Alginate-impregnated hemp

fibers

LM, FM, Sips LM 12 (Zdujić et al. 2021)

Carboxymethylated cellulose

fiber (CMF)

LM, FM LM 11.63 (Wang et al. 2019a)

Waste

Citrus limetta peels waste LM, FM, DRM,

Sips

LM 27.78 - 15.58 0.052 (Singh and Shukla

2017)

Pistachio Hull Waste LM, FM FM 14 (Zamani Beidokhti

et al. 2019)

Waste powdered activated

sludge biomass

LM, FM, DRM,

TM

FM 13.5 12.42 0.039 (Aslan et al. 2018)

Green wastes compost LM, FM LM 8.8 (Richard et al. 2020)

Brewery sludge LM, FM LM 7.87 (Kulkarni et al. 2019)

Hydrolyzed olive cake LM, FM LM, FM 1.2 (Fernández-González

et al. 2018)

Peat

Peat LM, FM LM 61.27 (Bartczak et al. 2018)
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values hydrogen ions and metal ions compete for

binding sites, while at higher pH values metal ions

precipitate in the form of hydroxides, thereby reducing

the amount of biosorbed metal. However, this behav-

ior is different for some metals whose predominant

forms are anionic, e.g. chromium, arsenic, molybde-

num, among others. In this case, acidic pH (2.0–4.0) is

the most favorable for enhancing biosorption because

for these pH values, the biomass has a higher number

of positive charges that allows anions to be attracted.

Although pH is considered a key factor in the

sorption process, temperature is also important

because it affects the reaction rate. Higher tempera-

tures tend to augment the rate of biosorption due to the

increase in surface activity and kinetic energy of the

sorbent (Sedlakova-Kadukova et al. 2019). However,

the effect of temperature on the maximum amount of

metal biosorbed is debatable. It is generally accepted

that an increase in temperature raises the maximum

amount of metal that can be absorbed. This phe-

nomenon occurs when the process is endothermic and

is caused by various factors such as structural changes

in the sorbent or the breakdown of bonds between

sorbent molecules, but exothermic processes are an

exception. In this case, there is a decrease in biosorp-

tion capacity with increasing temperature, probably

due to damage to the biosorbent surface (Moreira et al.

2019; Kocaman 2020; Libatique et al. 2020). The

effect of temperature on the biosorption process is

particularly evident in the case of living biomass,

wherein the amount of biosorbed metal increases

significantly as temperature increases (Dai et al. 2019;

Hu et al. 2020). A higher temperature results in a

higher metabolic activity of the living cells, leading to

the incorporation of more metal into their interiors.

However, this relationship is observed only in the

optimal temperature range. Above this range, the

living material is destroyed and the biosorption

efficiency decreases to a greater extent than in the

case of dead biomass (Ahmad et al. 2019).

Another important factor affecting sorption is the

ionic strength, the increase of which reduces the

amount of biosorbed metal due to competition from

other cations for binding sites on functional groups

(Barquilha et al. 2019). This is a major drawback when

using biosorbents in real aqueous solutions, e.g.

wastewater which often has complex concentrations

of different cations.

In the literature, one can find various ways of noting

down reactions illustrating the sorption phenomenon.

Depending on the functional groups responsible in any

given case of the process, the authors use notations

taken from the literature or their own, so that in this

paper they are presented according to the notation

Table 4 continued

Material Isotherms applied Best

fitted

model

Maximum

uptake

(mg�g-1)

DH� DS� References

(kJ�mol-1) (J�molK-1)

Miscalaneous

Microbial flocculant GA1 LM, FM LM 225.16 39.19 168.16 (Zhou et al. 2017)

The Curtobacterium sp.

FM01

LM, FM LM 140.99 (Masoumi et al. 2016)

Extracellular polymeric

substances from bacterial

strains

LM, FM, LFM LFM 125 (Dobrowolski, Ryszard

Szcześ et al. 2017)

Meerchaum (Nodular
Sepiolite)

LM, FM FM 12.15 86.77 309.81 (KIPÇAK et al. 2020)

Saccharomyces cerevisiae LM, FM, TM LM 8.9 2.7 23.3 (Zinicovscaia et al.

2021)

LM- Langmuir model, FM- Freundlich model, TM- Temkin model, DRM- Dubinin-Radushkevich model, LFM- Langmuir–

Freundlich dual model, RPM- Redlich-Peterson model, FHM- Flory–Huggins model, THM- Toth model, BET- BET model, KCM-

Koble-Corrigan model
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proposed in the original works. Sulyman (2017)

described the process of adsorption of adsorbate

molecules from the liquid phase to solid phase

(adsorbent) in four steps. The first is the mass transfer

of adsorbate molecules through the outer boundary

layer towards the solid molecule. Secondly, the

adsorbate molecules are then transported from the

surface of the particle to the active sites by diffusion in

the pore-filling liquid and migration along the solid

pore surface. Thirdly, the adsorption of solute

molecules onto active sites on the inner surfaces of

the pores. Finally, the molecule approaches the

interior of the adsorbent’s pores.

The authors often describe the sorption mechanism

as complex, indicating ion exchange and complexa-

tion at the same time. Arslan et al. (2007) described the

sorption mechanism of Cu(II) and Ni(II) using lignite-

based humic acids as ion exchange (Eq. 6,7) and

hydrogen bonding (Eq. 8):

2 R COHð Þ þ M2þ $ R � COð Þ2M þ 2Hþ ð6Þ

R COH þ MOHþ $ R � COMOH þ Hþ ð7Þ

2R COH þ M OHð Þ2$ R � COHð Þ2M OHð Þ2 ð8Þ

With increasing amounts of H? ions in the solution,

the neutralization of negative surface charge increases,

which enhances metal ion removal efficiency in the pH

range of 4.0–5.0 (Brown et al. 2000; Bayat 2002;

Arslan et al. 2007). At lower pH, H? ions compete

with metal cations for exchange sites on the material

surface, resulting in the partial release of metal ions

which, under extremely acidic conditions, may even

be released completely. With increasing pH, metal

ions can be adsorbed in a hydrogen bonding mecha-

nism along with ion exchange. For example, the

exchange of divalent metal ions with monovalent Na?

ions bound with a phosphoryl group is presented

below (Eq. 9) (El-Naggar and Rabei 2020):

The formation of cation surface complexes may

involve the coordination of metal ions with oxygen atoms

and the release of protons (Eqs. 10,11) (Gadd 2009):

R OH þ Cu2þ $ R OCuþ þ Hþ ð10Þ

The cation can bind to the surface as an inner-

sphere or outer-sphere complex depending on

whether a chemical bond, mainly covalent, is

formed between the metal and the oxygen ion

donating electrons in this case (inner-sphere com-

plex). It may also depend on whether the cation

approaches the surface negative groups at a critical

distance, even though the cation and base are

separated by at least one water molecule.

Bartczak et al. (2018) presented the sorption of

nickel and lead ions using peat as a phenomenon

caused by various factors. One of them could be

electrostatic attraction between the negative charge on

the biomass and the positive metal cations. Another

likelihood, which may also occur simultaneously with

the previous one, is ion-exchange adsorption in which

Ni2? and Pb2? ions both replace a proton from the

surface of the adsorbent (substitution of protons in the

surface groups on metal ions), as described below

(Eqs. 12,13):

2R OH þ Pb2þ=Ni2þ ! R O�ð Þ2Pb2þ=Ni2þ

þ 2Hþ

ð12Þ

2R COOH þ Pb2þ=Ni2þ ! R COO�ð Þ2Pb2þ=Ni2þ þ 2Hþ

ð13Þ

As a consequence, the positive remaining charge

can be located on the surface which renders the zeta

potential value more positive. The electrokinetic
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analysis and FTIR spectra conducted by researchers

have confirmed the validity of the proposed mecha-

nism of interaction between the analyzed metal ions

and peat.

Mineral-rich biochar can be produced from various

biomass wastes including grasses, animal manures and

crop straws. The salts of alkali and alkali-earth metals

contained therein are converted to carbonates during

pyrolysis making biochar alkaline (Yuan et al. 2011).

Mineral-rich biochar can facilitate the precipitation of

heavy metal cations. Xu et al. (2014) showed that

inorganic minerals played a dominant role in Pb2?

removal by means of biochars prepared from rice

straw and diary manure, while the proportion of

organic fractions was less than 1%. Produced from

celery biomass, biochar containing a high content of

alkaline minerals was used for lead sorption by Zhang

et al. (2017b). Based on X-ray Powder Diffraction

patterns of the Pb2? laden biochars, the authors

determined the significant contribution of precipita-

tion to the total sorption. The formation of hydro-

cerussite (2PbCO3�Pb(OH)2) and leadhillite

(Pb4(CO3)2(SO4)(OH)2) precipitates was noted to be

associated with the high alkalinity of carbonates that

existed in the celery-derived biochars. The effective-

ness of the test material was related to the sorption

mechanism involving precipitation and cation

exchange as well as surface complexation.

Chen et al. (2015) also studied biochar as a material

for metal ion removal. They noted that it could adsorb

Cr(III) quite effectively. They determined that the

mechanism of Cr(III) adsorption by biochar mainly

involves dissolving Ca and Mg and pH rising

(Eqs. 14–17), the formation of Cr(OH)3 precipitation

(Eq. 18), along with the cation exchange between

soluble Cr3? and cations fixed on the biochar matrix

(Eqs. 19,20).

CaO þ H2O ¼ Ca OHð Þ2 ð14Þ

MgO þ H2O ¼ Mg OHð Þ2 ð15Þ

Ca OHð Þ2 $ Ca2þ þ 2OH� ð16Þ

Mg OHð Þ2 $ Mg2þ þ 2OH� ð17Þ

Cr3þ þ 3OH� ¼ Cr OHð Þ3 sð Þ ð18Þ

MnCa2þ þ 2

3
Cr3þ $ M � 2

3
Cr3þ þ Ca2þ ð19Þ

MnMg2þ þ 2

3
Cr3þ $ M � 2

3
Cr3þ þ Mg2þ ð20Þ

A biosorption mechanism based on intracellular

bioaccumulation was presented in their work by Lin

et al. (2012). They investigated the possibility of using

Streptomyces zinciresistens to remove zinc and cad-

mium. They used FTIR, SEM, TEM, and energy-

dispersive X-ray scanning (EDXS) techniques to

characterize the biosorbent. Their study showed the

predominance of electrostatic interactions in the

bioaccumulation of metals on Streptomyces zincire-

sistens, with the authors proposing that S. zincire-

sistens accumulated Zn2?i Cd2? mainly on the cell

wall followed by intracellular accumulation. After

analyzing the results based on the Langmuir equation

for chromium sorption, Hlihor et al. (2017) concluded

that biosorption of a living biosorbent may follow a

heterogeneous model and surface binding, while other

mechanisms such as intracellular bioaccumulation

may contribute to chromium ion binding.

Ion exchange is the main mechanism of metal

biosorption along with surface complexation and

microprecipitation (Wang et al. 2019b; Dinh et al.

2020; Giese 2020). The identification of processes

behind the efficiency of biosorption is an important

issue for further research on a given material. It may

allow for predicting whether, by influencing the

parameters of the sorption process, its efficiency or

material yield can be increased. An additional aspect is

the possibility of appropriate regeneration of used

material, as well as determining the possibility of its

reuse or utilization. This can help in planning the

process on an industrial scale.

9 Biosorbents’ regeneration

One important industrial application of biosorption

processes is the recovery of metals, especially pre-

cious metals, while regenerating the biosorbent for

subsequent reuse (Park et al. 2010). Biomass regen-

eration is usually important when the costs associated

with biosorbent preparation are high and biomass is

not available in large quantities. The success of metal

desorption depends on how the biosorption
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mechanisms work and the mechanical stability of the

biosorbent (Vijayaraghavan and Balasubramanian

2015). The use of a particular biomass as a metal

biosorbent depends not only on its biosorption capac-

ity, but also on the ease with which the biosorbent can

be regenerated and reused (Bishnoi and Garima 2005).

However, most of the published works have been

concerned with evaluating the biosorption capacity of

materials and the parameters affecting biosorption,

without considering the regeneration capacity neces-

sary for the industrial application of the process

(Vijayaraghavan and Yun 2008).

The efficiency of the desorption process can be

expressed by the concentration ratio, which determi-

nes the total ability of the biosorbent to hold up metal.

The high values of the ratio are desirable and indicate a

good efficiency of the sorption process, making metal

recovery a more rational solution given the increasing

concentration of metal in the eluent volume (Volesky

2001). The methods used to remove metal bound on

the surface of a material can be divided, depending on

the condition of the material after the process and the

potential for further use. If the biomass used is cheap,

then destructive methods can be an alternative,

especially for the recovery of valuable metals. How-

ever, this type of recovery increases the cost of sludge

disposal (Gadd 1990). Destructive methods include

dissolution in strong acids or incineration with subse-

quent recovery of metals from the ash (Gadd 2009;

Park et al. 2010). Non-destructive methods are of

greater interest to researchers because of the potential

for biosorbent reuse. These methods can be divided

into physical (heating or microwaving) or chemical

(using acids, bases and organic solvents). Chemical

desorption is the most commonly used method by

researchers, even though the selection of an appropri-

ate eluent plays an important role therein. Not only the

type of material used but also the mechanism of metal

adsorption should be considered. Moreover, the eluent

must be inexpensive, environment-friendly, efficient,

and not damaging to the surface of the biosorbent

(Vijayaraghavan and Yun 2008). Acids (HNO3, HCl,

H2SO4), hydroxides (NaOH), salts (CaCl2, KNO3,

NaNO3, NaCl) or chelators (EDTA, Na2EDTA) as

well as water are commonly used eluents for the

recovery of Ni(II) ions. Of these, acidic agents (HCl

and HNO3) are the most effective and widely used.

The efficiency of conducting the desorption process

under acidic conditions can be explained by the ion-

exchange equilibrium shift. At low pH, a high

concentration of hydrogen ions causes a shift of the

active sites in the functional groups towards the

protonated form. Furthermore, H? has a higher

diffusivity coefficient than Ni2? ions due to its smaller

radius. Cation exchange between H? and Ni2? ions,

protonation of functional groups and exchange of

Ni(II) ions for H? in adsorbent-adsorbate complexes

are the three phenomena that cause the release of

adsorbed nickel ions into the desorption solution

(Vakili et al. 2021). Recycling of used adsorbent is an

important aspect from the point of view of its

applicability in industrial conditions, therefore many

studies on the efficiency of biosorbents have carried

out desorption tests as well.

Vilvanathan and Shanthakumar (2018) carried out

desorption tests of metals adsorbed by Tectona

grandis biochar using distilled water, 0.1 M HCl and

0.1 M NaOH. The one with the highest potential to

desorb was HCl, which after 120 min was able to

achieve up to 90.1% and 89.3% for Ni2? and Co2?,

respectively. Further studies have determined that the

tested material can be effectively used in three to four

adsorption–desorption cycles.

Kulkarni et al. (2019) used brewery sludge con-

taining a yeast biomass of Saccharomyces carlsber-

gensis to study the biosorption potential of Ni(II) and

Cd(II). After sopping, the metal-loaded biomass was

subjected to three consecutive cycles of biosorption-

desorption in a batch system using 0.1 N HCl eluent

and regeneration using distilled water. This allowed

desorption from the spent brewery sludge to exceed

90% in three cycles, while the recorded decrease in

sorption was 12.7% for Ni(II) and 5.6% for Cd(II).

Barquilha et al. (2019) used an alginate-based

biosorbent produced from seaweed Sargassum sp. for

Ni2? i Cu 2? ions sorption. An acid solution of HCl

(pH 1.0) and acidified CaCl2 solution (0.5 M and pH

3.0) were used for desorption, but the results were not

good enough. The decrease in biosorption capacity

after the first cycle was reported to be 15% for nickel

when using acid eluent and 40% for acidified saline

eluent. The authors concluded that the described

decrease in the material’s sorption capacity can be

attributed to the amount of residual metal ions, the

acidification of the biosorbent after the desorption

process, the carbonation of the biosorbent with Ca2?

ions that can compete with metal ions, and the
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decrease in biosorbent mass due to the desorption

process.

10 Discussion

Current research on the use of natural materials to

remove nickel ions from aqueous solutions covers

quite a wide range of substrates. Most research has

focused on the use of biomass as a sorbent, and the

trend of increasing interest in these biosorbents has

continued for well over five years now. This may be

due to the low cost, ease of acquisition, and the large

variety of materials including waste materials. The

additional use of waste material is consistent with the

circular economy, one of the most important global

trends in responsible business. According to this trend,

the development of innovative solutions is based on

optimizing the usefulness of products, recovering

energy, increasing environmental protection, and

reducing the use of natural resources. In addition to

environmental considerations, one of the biggest

advantages of waste materials is the cost of obtaining

them, which is always very low. In some cases, such

materials are free or else their continued use generates

profit for the manufacturer by not requiring disposal.

On the other hand, the desire to use a material that is

readily available may be associated with its low

effectiveness. It should also be taken into account that

natural materials, after the sorption process, may cause

the release of soluble organic compounds contained in

plant materials (Rico et al. 2018; Tapia et al. 2018),

and thus increase the values of some of the outflowing

wastewater’s parameters.

Candelaria et al. (2019) used agroindustrial by-

products to remove nickel and chromium ions. The

agroindustrial source palm bagasse and by-products of

the process of obtaining starch (yam and plantain) had

high adsorption efficiency of well over 70%. Palm

bagasse was the most effective material and showed a

92% concentration reduction. For sugarcane bagasse,

Ezeonuegbu et al. (2021) obtained a maximum

sorption capacity of 123.46 mg�g-1and 1.61 mg�g-1-

for nickel and lead, respectively.

Gill et al. (2013) used vegetable waste, composed

of 1:1 mixture of potato and carrot peels for the

removal of Ni(II). Under optimal conditions (pH = 4,

contact time 75 min, temperature 30 �C) for an initial

concentration of 50 mg�L-1, the use of 3 g of

biosorbent made it possible to achieve the maximum

removal of nickel at 79%. Miralles et al. (2008)

studied the sorption capacity of wine grape stalk

wastes for which the maximum uptake was

0.181 mmol Ni�g-1. In the case of tapioca peels, the

maximum sorption capacity for nickel ions was

20.37 mg�g-1 (Panumas and Pinthita 2015). On the

basis of the conducted research, the authors deter-

mined that hydroxyl and carboxyl groups present in

tapioca peel were mainly responsible for the biosorp-

tion of nickel. During attempts to regenerate the used

absorbent, a slight decrease in biosorption capacity of

8.8% for five cycles was observed, which in combi-

nation with the effectiveness of the tested material

may be the basis for its use as an alternative to the

traditional method.

Gupta and Kumar (2019) used A. barbadensis

Miller leaves, sourced from a nearby herbal industry,

to remove nickel ions. A maximum biosorption of

60.2% was achieved for an initial Ni(II) ion concen-

tration of 100 mg�L-1. Another type of waste material

was used by Stevens and Batlokwa (2017). After

treatment with acetic acid (vinegar), the eggshell

biomass was tested as a sorbent for nickel and cobalt

ions. The material proved to be effective and the

achieved removal percentages of nickel (II) and cobalt

(II) were 79% and 77%, respectively.

The high sorption capacity value compared to other

waste materials was characterized by wasted black tea,

which Malakahmad et al. (2016) used to remove

nickel and zinc ions from aqueous solution. Due to its

high concentrations of carbon and calcium and the

high availability of functional groups, not to mention

its porous surface, this material was identified as a

potentially effective sorbent. This was confirmed by

an evaluation of the isotherms, which determined the

maximum capacity of wasted black tea to be

90.91 mg�g-1 for nickel ions and as high as

166.67 mg�g-1 for zinc ions. Research on waste tea

was also conducted by Shah et al. (2015) who worked

on the sorption of nickel ions by the material after

treatment. Treatment of waste tea leaves using

formaldehyde allowed for a sorption capacity value

of 120.50 mg�g-1 for nickel ions. The authors also

investigated the applicability of the modified material

using tap water and samples collected from Khyber

Pakhtunkhwa (Pakistan). It was observed that the

presence of some common alkali and alkaline earth

metal ions in solution does not affect the sorption of

123

Rev Environ Sci Biotechnol (2022) 21:105–138 127



nickel ions, thus formaldehyde-treated waste tea

leaves can potentially be used as a low-cost alternative

to conventional sorbents.

In many countries around the world even today,

much of the waste from fruits and other plant products

still end up in landfills. It not only increases the

amount of waste that needs to be stored or processed,

but can also release many toxic pollutants as well as

carbon dioxide into the environment. Reusing such

waste as sorbents or raw materials for activated

carbon, among other things, may be a better option

for minimizing the amount of waste in landfills. At the

same time, it can contribute to solving environmental

pollution by means of agricultural by-products in a

manner that is economically viable (Lochynski et al.

2016).

From the literature review performed, it appears

that there is a lack of research relating to the use of

natural materials in real wastewater and scale-up

approaches. Conducting processes under industrial

conditions involves quality requirements, e.g. for

effluent, which have to be met, as well as limitations

due to the technical aspects. Because of the eco-

nomics of the process, the product used under

industrial conditions should be cheap and easy to

use or dispose of. The technical parameters of the

process should also be taken into account, including

the amount of material used which is associated with

the need for storage as well as the amount of waste

generated. Under industrial conditions, it is not

always possible to precisely control quantities, con-

centrations, and time or pH during the process.

Because of the significant differences between sorp-

tion processes conducted under laboratory and

industrial conditions, researchers often opt for labo-

ratory tests using real wastewater. This type of testing

allows for cost savings, as all tests for the selection of

optimal parameters are carried out in small volumes

without interrupting production. The results obtained

in this way mark a step forward towards achieving

satisfactory results under industrial conditions. Par-

ticularly important, in the context of practical appli-

cations, are studies on the treatment of real

wastewaters characterized by a high content of nickel

and other metals, such as post-coalvanic and steel

processing wastewaters.

Akar et al. (2019) used Platanus orientalis bark to

adsorb Cr (VI) and Ni ions from a nickel–chromium

plating industrial solution. The results show that the

adsorption of nickel ions occurs faster than for

chromium. Better results were obtained for acidic

conditions than for alkaline conditions, which, due to

the low pH of the studied wastewater, is a positive

outcome as it improves the efficiency of the process.

For nickel ions, the unmodified material with a

removal percentage of 65.75% was more effective,

while for Cr (VI) acid activation with HNO3 of the

Platanus orientalis bark the result was 90.15%. The

authors concluded that as a biosorbent, P. orientalis

bark can be considered as a cheap, natural and readily

available yet effective adsorbent for the removal of

Cr(VI) and Ni(II) from plating wastewater and can

thus be offered as a decent substitute for the commer-

cial adsorbent.

To remove heavy metals from real nickel-contain-

ing effluent obtained from the electroplating company

Zinicovscaia et al. (2021) used the yeast Saccha-

romyces cerevisiae. For the real effluent tests, it was

necessary to run the process in two steps to increase

efficiency. The best results of Ni(II) ion removal of

82% were obtained when 30 g�L-1 of biomass was

applied in the first stage, and 10 g�L-1 of biomass in

the second stage. The authors determined that the

tested material (Saccharomyces cerevisiae) can be

considered an effective, cheap and efficient sorbent for

the treatment of complex effluents, particularly nickel

ion removal.

Pertile et al. (2020) investigated the possibility of

using a biosorbent which is a mixture of cones from

coniferous trees to remove the residual concentration

of metals from hazardous waste at a neutralization

station. In their work, they presented both preliminary

studies performed in laboratory conditions and tests

from the operation of the neutralization station. The

laboratory tests for selected elements showed the

effectiveness of the material and managed to reduce

the concentration of nickel by 96% and zinc by 19% in

the case of NaOH activated material, while for the

inactivated biosorbent, 93% of nickel and 31% of zinc

were removed. For the operational tests, inactivated

biosorbent was applied for cost reduction. A signifi-

cant reduction in metal concentrations occurred when

the material was used as a pre-treatment, even though

the values obtained still exceeded the emission limits.

After 72 h, reductions were obtained for nickel from

4056 to 10 mg�L-1, for copper 2252 to 1 mg�L-1, for

zinc 4020 to 1 mg�L-1, and for iron from 1853 to

7 mg�L-1. As insufficiently low values were reached,
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the biosorbent was therefore also used in the filtration

unit. After passing through the filtration unit, the

concentrations of all monitored parameters were

reduced to a minimum while their values met the

regulatory emission limits. The used biosorbent was

then applied to thicken the residual sludge. This

contributed to a significant reduction in the total cost

of residual hazardous waste disposal.

Yan et al. (2020) proposed a simple and feasible

process for the purification of Ni-electroplating

wastewater using biochars obtained through the

pyrolysis of Lemna minor. The obtained material

showed a high adsorption capacity of nickel in

wastewater as well as other metals. Due to the

properties of the studied wastewater, the adsorption

of biochar without pretreatment did not meet the

discharge requirements for wastewaters. The extre-

mely complex and low pH of the actual wastewater

would reduce complexation between metal ions and

oxygen-containing functional groups while increasing

the competition between H? and Ni2? for the number

of active sites. Further studies showed that Ca(OH)2

can be used as a pH regulator and optimal precipitant,

as its use sharply reduced the concentrations of heavy

metals and NH4
?. The authors emphasized that the

determination and use of the optimum Ca(OH)2 dose

is crucial to ensuring an appropriate balance between

the results obtained and the cost of treating the reagent

and chemical effluent. A dosage of 5.0 g�L-1 Ca(OH)2

was selected as the optimum which achieved a nickel

residual concentration of 7.79 mg�L-1, a pH value of

7.01, and an acceptable amount of chemical sludge.

11 Future perspective

Based on the research results and their presentation in

the articles that were analysed, two lines of action can

be identified that should be taken in to consideration

the near future. The first one is the scientific aspect and

the second is the practical approach. It should be noted

that the adsorption capacities of the studied materials

vary considerably due to differences in the properties

of individual adsorbents, the degree of surface mod-

ification, and the initial adsorbate concentration. In

view of the wide variety of materials, there is an urgent

need in future papers to pay more attention to the

possibilities of their actual use, and then to try to

standardise the results presented by the researchers.

Only studies defining both the effectiveness of the

materials and all the process conditions together with

the concentrations used allowed for a full evaluation of

the biosorbent under study. The use of standardized

units such as sorption capacity to determine the

effectiveness would make it possible to compare

different materials and their preliminary selection.

Despite increasingly rigorous environmental regu-

lations at the same time as the need to remove heavy

metals including nickel ions from industrial wastew-

ater is growing, assessments of the feasibility of using

biosorbents are mainly limited to laboratory-scale

studies. For these reasons a transition from lab scale to

full scale is necessary in the future. Testing with real

industrial wastewater would allow to verify the

effectiveness of biomaterials in practice and real

verification with other traditional technologies like

reverse osmosis, ion exchange, precipitation, etc. One

of the reasons for limiting full scale testing, is the

difficulty in regeneration and reuse of the biomass as

well as the negative effects of co-existing pollutions

on biosorptive capacity. Industrial wastewater usually

contains many organic compounds and metal ions that

can inhibit the biosorption process. Therefore, before

using biosorbents in industry, it is necessary to

evaluate their performance in multi-pollutant solution

system. From the point of view of practical applica-

tions, it is essential to select the right material for the

type of solution, taking into account not only the

contaminants present but also their initial concentra-

tion, pH and other initial parameters (Fig. 4). For

solutions with low initial concentrations, the cost,

availability and ease of use will be more important

than high performance. Often, due to excessively high

initial solution concentrations, the biosorption process

can also be used as a further, additional treatment step

in combination with conventional technology. The pH

value should also be taken into account in order to

select a material that will be most effective at a given

pH range. Laboratory studies can help identify high

performance materials that may potentially prove

effective even under industrial conditions.

In industrial applications, many other factors are

important but often neglected in laboratory studies

such as cost or time. The costs should take into account

not only the price of the materials, but also the

preparation and disposal of by-products costs. As

evident from reviewed papers, surface modifications

carried out on selected biosorbents helped improve
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their nickel binding properties but that leads to higher

the overall cost of the process.

After analysing a wide range of literature reports on

sorption using natural materials, the authors proposed

a selection scheme to determine the application

potential of biosorbents (Fig. 4). It presents the

proposed process input parameters to be considered

in the further evaluation of the sorption process. An

assessment consisting mainly of data analysis for the

application of kinetic and sorption models can identify

the sorption mechanism for a given material. The

authors also identified additional recommended

parameters and factors that should be considered in

the process of assessing the suitability of the material

for further industrial applications.

The recycling and reuse of the biosorbent increases,

by definition, the economic viability of the biosorption

process, However, in practice, it would be worthwhile

to analyse the impact of the desorption agent on the

total investment costs of the process as well as on

maintaining the original biosorption efficiency of the

regenerated biosorbent. In addition to costs, the

availability and reusability of a biosorbent determine

its potential for use in practice. Future research should

be particularly directed towards the search for new

waste materials with maximum nickel sorption capac-

ity. No less important is the development of cost-

effective methods to modify biowastes in order to

promote the large-scale use of biosorbents.

Biosorbents can be considered as two-functional

materials due to their ability to both biosorb and

desorb in a single aqueous solution treatment process.

Regenerability and reusability largely determine their

economic value and the profitability of their use,

especially in real-scale. However, it is worth noting

that in the literature biosorption is subjected to in-deep

analyses, but only few authors deal with the determi-

nation of the regenerability of biosorbents. Hence, in

the future studies attention should be given to regen-

eration studies to understand the worth of low-cost

biosorbents. It is important that after the sorption

process the used biosorbents are separated from the

medium, regenerated and recycled. Hence, besides

desorption, regeneration capacity is very important in

selecting an appropriate biosorbent for the biosorption

process. Regeneration capacity usually decreases with

increasing number of cycles, but even after several

adsorption desorption cycles, the adsorbent still

exhibited good adsorption capacity for Ni2? and

maintained high stability. However, some of the

biosorbents are not easily regenerable (regenerated),

which makes their use in practice questionable as they

create additional waste after one or two cycles. This in

turn can lead to environmental pollution problems.

Therefore, in the case of nickel-loaded biomass, other

technologies can be considered for use as an alterna-

tive to desorption. Spent biosorbents, which consist

primarily of degradable organic matter, can be con-

verted to energy fuels through fermentation processes

or heat energy through incineration. The use of

biosorbent as compost would only be justified in this

Fig. 4 Parameters and assessments recommended to determine the application potential of biosorbents
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case where there has been complete removal of

adsorbed metals from the biosorbents.

It would also be worth paying more attention to the

need to test in the future the effectiveness of hybrid

technologies, which combine alterative processes like

biosorption, bioreduction with traditional methods

like electrochemical processes, membrane technology

etc. The results of these studies could be helpful for

treating industrial wastewater in a full-scale manner.

12 Conclusion

In the literature, there are indeed studies that deal with

the sorption of nickel from aqueous solutions using

many different materials of natural origin. To illustrate

trends in biosorbent research, the materials were

divided into the following main groups: biomass,

composites and modified materials, waste, peat, and

miscellaneous. The last category included all other

natural materials that could not be clearly classified

into the other created groups. Researchers have been

working mainly with biomass materials, but in recent

years there has also been interest in various modifi-

cations of natural materials in order to improve their

efficiency. Calcined eggshells (769 mg Ni�g-1) had a

sorption capacity several times higher than the rest of

the materials and were the most effective in the

modified materials category. However, for this mate-

rial the sorption phenomenon may be accompanied by

precipitation in the presence of hydroxides, which

significantly affects the sorption capacity achieved. In

the next two groups, the best classified materials had

similar values, which were Platanus orientalis bark

(285 mg Ni�g-1) and microbacterial flocculant GA1

(225 mg Ni�g-1) for the biomass and miscellaneous

groups, respectively. Among the waste materials,

olive stone waste proved to be the most effective,

with a sorption capacity similar to peat of about

55–60 mg Ni�g-1. Despite achieving the best result in

the groups, it had a lower effectiveness in comparison

with every other material.

In order to determine why some materials are better

sorbents than others, it is helpful to know the

mechanism behind this process. From a review of

adsorption isotherms, kinetic and thermodynamic data

of different adsorbents, it was found that Langmuir

and Freundlich adsorption isotherm models were the

ones most commonly used to evaluate the adsorption

capacity of different adsorbents that had good agree-

ment with experimental data. The kinetic data for the

adsorption of Ni(II) ions usually followed the pseudo-

second-order kinetic model. The authors often empha-

sized that the mechanisms responsible for the biosorp-

tion process are several and may occur jointly, while

ion exchange and complexation were identified as the

most dominant.

The future perspectives of biomaterials research

were analysed. Often in laboratory studies, researchers

compile poor characteristics or omit important param-

eters, which hinders the proper and critical evaluation

of these materials, and scale-up reports are still

insufficient. Finally, the authors of this paper proposed

an original parameters and assessments diagram

recommended to determine the application potential

of biosorbents. The scheme includes three interrelated

steps: imput data (material type, mass, pretreatment,

concentration, pH, temperature, time), assessment

(qm, equlibrium time, desorpion potential, mechanism,

DH� and DS�) and applicability potential (biosorption

capacity, price, availability, reusability, regenerabil-

ity, biodegrability, leaching potential). We believe

that each time a thorough and reliable analysis can

help to evaluate and give the right perspective for

further research.
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