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ABSTRACT

This review paper investigates the modern trends of sorption, presenting examples of the use of sorbents
for the removal of dyes and heavy metal ions, in line with estimations of the cost fingerprint through
combined calculations of raw material and energy data. The feasibility of the selected materials was ex-
plored by estimation of synthetic route cost. The examined synthetic routes include activated carbon
samples derived from potato peels, coffee residues, as well as graphene oxide and chitosan. The synthesis
steps and the appropriate apparatus, adsorption capacity, equilibrium parameters for the adsorption of
heavy metals and dyes from aqueous solution are presented. Furthermore, the findings were compared
for kinetic properties (pseudo-first, -second and -third order adsorption rate), and the costs of raw ma-
terials and energy of the selected synthetic routes were explored. A comparative study was carried out
in order to evaluate the adsorption capacity of some recently published adsorbents, since their high ad-
sorption capacity, in line with their low cost, make them very attractive and promising candidates for
industrial use. The equilibrium and kinetics parameters were calculated according to the Langmuir, Fre-

undlich and Langmuir-Freundlich (L-F) equations.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Nanotechnology can be applied to the synthesis and func-
tionalization of materials at a nanometer scale (I nm = 10~°
m) [1], which then can be used in various fields as wastewa-
ter treatment (sorption process) [2], photocatalysis [3], electrodes
for photochemical sensing platform [4], drug delivery [5-8], nano-
vaccinology [9], switchable device technologies [10], optoelectron-
ics [11] etc.

The process of sorption, is an important and efficient technique,
when used at an industrial scale. It can be used as a purifica-
tion and separation technique, and thus has become a very attrac-
tive option for the wastewater treatment. There are multiple re-
cent examples of sorption applications in literature, including: hy-
droxyapatite synthesized for industrial waste [12], graphene oxide
[13], multiwall carbon nanotubes for emerging organic contami-
nants [14], different biochars and silver nanoparticles for the re-
moval of toxic heavy metal ions (i.e. cadmium ions) [15,16].

The literature reveals that many researchers worldwide are
doing research on the synthesis of novel materials for low-cost
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adsorption applications for decontamination [17]. Furthermore, it
should be noted that the process of biosorption is another alter-
native technique when used for the uptake of heavy metals from
dead biomass. Because this process offers an economical and feasi-
ble approach, it has gained great credibility [18,19]. The ability and
effectiveness of the microbes to uptake ions of metal from aqueous
solutions is a well-known phenomenon which can be achieved via
several different mechanisms. In addition, the microbes have high
surface area-to-volume ratio due to their small size, which allows
for a large area of contact, which in turn interacts with the envi-
ronment that surrounds them, including the metal effluents.

By definition, the process of sorption is a general term which is
used for the description of attachment of charged species (for ex-
ample ions derived from toxic metals) from an aqueous solution to
a coexisting surface with solid structure. The kinetics of sorption
may be verified through a lot of processes, which are independent
and can act in parallel or in series; these procedures can be di-
vided according to the following categories: bulk diffusion, intra-
particle diffusion, chemical reaction (chemisorption) and transfer
of external mass (film diffusion).

This review article attempts to combine the adsorption data of
a set of modern materials synthesized in recent years and estimate
the cost fingerprint through combined calculations of raw material
and energy data.
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Fig. 1. Langmuir adsorption isotherms were derived from the removal of arsen-
ate ions onto activated carbon impregnated by iron (IlI) oxyhydroxide nanocrystals;
where ‘B’ is the isotherm of the initial sample, and ‘1’ refers to the oxidized sample;
in addition ‘N’ corresponds to iron nitrate, ‘a’ is used for the ammonia solution and
‘c’ for the ammonium carbonate, in order to make comparisons. Reproduced with
permission taken by Taylor and Francis, 2013 [25].

2. Equilibrium and kinetics

The isotherm equation of Langmuir was revealed to fit in quite
competently in many cases of the experimental data [20]. The
isotherms of adsorption of metal oxyanions or cations, which were
derived under various temperatures, concentrations of sorbent etc.
are depicted through figures and tables that reveal the fitting re-
sults, as confirmed by the experimental data (equilibrium) via the
isotherm of Langmuir. In the case where the values of the respec-
tive coefficient of correlation are high, they are mainly employed
in order to publish a description which has satisfactory results or
characteristics. Great attention should be paid to any potential er-
ror of the experimental data.

Alternatively, the isotherm of Freundlich model is extensively
used in industrial scale applications. It is however inaccurate in the
case of low concentration, while accurate in the case of higher con-
centration, due to the nature of the law of power. It was revealed
that the properties of equilibrium phase do not change proportion-
ally during the insertion of sorbent material, which could be at-
tributed to the aggregation of solids in the case of higher loads
and thus results in the decrease of effective adsorption surface
[21].

The isotherm equation of Langmuir has also been found to
fit well with the removal of metal ions by a cross-linked chelat-
ing resin, cadmium and a dye with a bone-meal derived apatite
[22], cadmium using an activated carbon/zirconium oxide com-
posite [23]; it should be noted that activated carbon is the most
frequent used sorbent material. Apart from these two aforemen-
tioned isotherms, there are a number of other sorption isotherms
that have been used in the sorption field, such as the Dubinin-
Radushkevich, Tempkin, Redlich-Peterson, Sips, Toth, Khan, BET
etc.; the respective equations were provided [24] in a recent re-
view on nanomaterials as adsorbents.

Fig. 1 presents the Langmuir isotherms in the case of adsorp-
tion of arsenate. More specifically, the results for the primary and
oxidized specimens of activated carbon (impregnated specimens)
are presented; the materials investigation was achieved through
the use of N, adsorption (BET), SEM, XPS, XRD, FTIR and thermal
analysis [25]. The isotherms of Langmuir method, which were ob-
tained during the study of equilibrium phase, lend extra support to
the notion of a monolayer. An editorial in this field by Tien, 2007 is
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worth mentioning- as it was deemed rather astonishing by many
researchers.

As mentioned, the Kkinetics of the sorption technique may be
verified through various processes which are independent and can
act in parallel or in series. From the category of chemical reac-
tions, the best fit for the data under examination is often ob-
tained by the chemical reactions of 2nd order-type; [26-28] for
dyes sorbed onto mesoporous carbons, arsenates onto modified ak-
aganeite, bisphenol A (an endocrine disruptor) onto carbonaceous
materials, modified graphene oxide for mercury removal [29] and
magnetic biochar composites for cadmium adsorption [30].

An appropriate magnetic adsorbent composite material is one
of the most important factors to achieve a successful separation
process, which in turn dominates the sensitivity and selectivity
of the used technique; in fact, the method of magnetic separa-
tion has long been applied in mineral processing. Another effective
solid/liquid separation technique in this field is flotation- i.e. for
the loaded sorbent material [31]. Many composite materials, which
are used as sorbents for sorption applications, are often synthe-
sized (low-cost reasons) in the form of ultrafine or fine particu-
lates. Their application should thus be in mixed-flow type equip-
ment to prevent losses from high pressure.

The following examples deal with the uptake (and depletion) of
chromates and cadmium from aqueous solutions, through the pro-
cess of biosorption by using Aeromonas caviae (the sorbent). This
microorganism can in general be found in aquatic environments
and consequently in groundwater. As a result, when the experi-
mental data was plotted according to the 24 order kinetic equa-
tion, it was proven that Eq. (1) patently is not appropriate and
consequently fails to capture the steep gradient of concentration
on the initial stage of removal - see Fig. 2, and the Supplementary
material [32].

If the sorption rate is based on uptake by the sorbent, instead
of the bulk concentration, it can be described according to the 2nd
order equation of Ritchie, from which it can be extracted that one
ion of metal occupies two binding sites [33]. It should be noted
that in worldwide literature [34], there have been mentions of us-
ing a wide range of other kinetic equations, including zero, first
(reversible or forward) order, Elovich-type, Langmuir-Hinshelwood,
etc.

A suitable description of experimental data, in the case of ad-
vancing time, can be provided by equations (2) and (3). It is no-
table that both kinetic models adequately capture the quick pro-
cess of adsorption rate during the primary minutes of the exper-
imental studies. However, during the process of biosorption the
constant rate of the model of pseudo 2nd order, which is abbre-
viated as kp, is monotonously correlated with shifts according to
the load of biomass and concentration of bulk [35].

On the contrary, the constant rate, which is derived by the 2nd
order equation of Ritchie and is abbreviated as K, was found to
fluctuate beyond any physical reasoning. Furthermore, better sta-
tistical fit can be achieved through Eq. (3). Despite the goodness
of the fit at temperatures between 40° and 60 °C, it was revealed
that the reaction rate constant in the case of both models varied
randomly, according to the temperature of the process. Using the
Arrhenius model for preliminary calculations, which were achieved
every time between the two temperatures, always resulted in acti-
vation energies lower than 10 kJ/mol, which is far below what was
expected for the sorption processes controlled by the reaction. The
changes on the morphology of the surface of biomass (sorbent) at
different temperatures, and the dependence of capacity of sorption
on the value of the temperature may be attributed to the irregu-
larity of surface morphology.

In order to compare various experimental measurements for a
study of kinetics, it is mandatory to introduce a degree of conver-
sion with dimensionless form. As a result, with the normalization
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Fig. 2. Comparison of experimental removal curves (for different temperatures and concentration of biomass) against the predictions of theory based on: (a) 2nd order
equation of Ritchie (at 5 mg L-1 initial concentration of cadmium) and (b) pseudo 2nd order equation (at 50 mg L' initial concentration of cadmium). Reproduced with

permission taken by Wiley, 2005 [32].

of the remaining concentration of ions, which is abbreviated as
Ct, with accordance to some value of reference, an index of sorp-
tion can be determined - i.e., conversion degree (Appendix - Eq.
(4)). For the case of intraparticle diffusion, Crank (1975) proposed
a model which takes into consideration the uninterrupted reduc-
tion of concentration of bulk, due to uptake of sorbate. This phe-
nomenon generates a condition of boundary, which depends on
time and relates to the concentration at the sorbent particle sur-
face. The solution of the equation of intraparticle diffusion, Eq. (5),
can be solved with a numeral process in order to confirm the con-
stant of effectiveness of time of diffusion, which is abbreviated as
&. The solution of the equation of intraparticle diffusion has the
same expression in the case of a diffusion control of (macro)pore
structure, but only when the obtained isotherm of equilibrium has
a linear form for the range of concentration, which is under ex-
amination. In this article, the experimental study process depends
on measuring the residual concentration of metal ions in the bulk,
which is abbreviated as A, and its value is always above 0.5. When
the A value is approximately 0.1, the decrease of concentration of
bulk becomes significant, and under these circumstances, the hy-
pothesis of a metal concentration with constant values at the sor-
bent surface will result to an incorrectly high apparent diffusivity.
In addition, in order to correlate the concentration that is used in
a sorption experiment to a section with linear form, according to
the isotherm of equilibrium, the K constant can be restored by the
isotherm local slope. As found by the isotherms of experimental
study, this can be approximately valid in the case of concentra-
tions that are used in this experimental work. Since our research
is mainly focused in the region of short time intervals, at least 200
terms are used in the process of summation, in order to achieve a
satisfactory result with high accuracy.

The transfer of external mass has been studied in literature by
following a reaction model of pseudo first-order [36]. This ana-
lytical method supposes that the concentration of the sorbate on
the surface of the sorbent has zero value at all times. Neverthe-
less, this value is not correct in circumstances where a notable sor-
bate amount is removed during the adsorption process, with quick
rate during the initial stages of the procedure. In addition, a model
with a more pragmatic character should instead examine a quick
equilibrium phase, being established betwixt the interface and the
sorbate, which is presented on the surface of the sorbent [37]; It

should also be clarified that this concept is adopted in the present
work. Furthermore, if the sorbent surface is combined across the
mass balance, the adsorption isotherm of Langmuir method and
rate of change in the equation of the bulk concentration can be
expressed as equations (8) and (9) after some calculations, which
can be converted and solved numerically after further processing.
It is notable that with the normalization of C with assessment to
G - and not G, as Puranik et al. (1999) did - and also the normal-
ization of t with assessment to 7, the solution characteristics are
enhanced remarkably. The stability and convergence, which are at-
tributed to the analogous spreading of all variables over the com-
putational domain, are such an example.

Fig. 3a depicts the fitting results from Eq. 5 to the data of sorp-
tion which were derived using various initial temperatures, con-
centrations and solid amounts. In addition, it is apparent that de-
spite that, disperse measurements in the finite volume of the dif-
fusion model can express the entire data range adequately well,
involving also the steep gradient of concentration at brief time in-
tervals. This type of behavior is a consequence of decreasing the
slope of an equilibrium curve with non-linear form, e.g. in the
case of isotherm of Langmuir method, a quickly increase of dif-
fusivity with increasing concentration is generated [38]. Moreover,
the performance of kinetic tests for desorption with adsorbent ma-
terial, which was previously employed for sorption, is a way to
further check the possibility of a controlled pore diffusion mech-
anism. It was hypothesized that at the initial stages of the pro-
cedure, the chromium effluent is sorbed via a highly favorable
and quite fast mechanism of chemical reaction, such as an ion-
exchange, but soon after diffusion of external film comes into play.
According to this stage, if the time interval at the primary minute
of process of sorption is not taken into consideration, the existing
curves fit very favorably the equations (10) & (11) model. These
results are revealed in Fig. 3b. Near the end of the sorption pro-
cess (in the case of a higher value than 0.9), the reaction becomes
much slower, e.g., intraparticle diffusion, and becomes gradually
the step of rate-controlling. This is a status quo, however, which
has no practical significance. In addition, for the assessment of sta-
tistical significance of the determination, a derivative analysis of a
time series where the d,/d; is plotted against the value of t and
thereafter has been performed, and a low pass filter is applied
by Hanning, in order to flatten out the undulations of signal un-
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Fig. 3. Experimental degree of conversion, a, at 5 mg L~! initial concentration of chromium against predictions according to the solution of the: (a) equation of diffusion, for
various loads of adsorbent and (b) equation of mass transfer, for a wide range of temperatures (where as s is mentioned the load of biomass). Reproduced with permission

taken by American Chemical Society, 2004 [40].

til dy/d¢ versus o becomes a reasonable curve with smooth shape
[39].

In addition, the «(t), which is the integrated smoothed signal
as previously elaborated and lead in values of KyS that are nar-
rowly comparable to the unfiltered values of experimental data,
with no preferential trend in relation to the load of biomass. This
is a highly positive additional sign, which confirms that the pre-
dominant mechanism may be the external mass transfer of the
process of sorption after the initially fast removal of chromium. It
is quite common when attempting to achieve high system perfor-
mance, while at the same time contributes to more than one pro-
cess. In order to circumvent this problem, a simplifying approach
can be used, which supposes that each one of the concurrent pro-
cedures dominates over the others (i.e. the step of rate control-
ling) at specific time intervals of the process, and thereafter studies
them independently [41]. Nevertheless the conclusion drawn from
the above example suggest that the conducted examination was
not appropriate to provide strong evidence in favor of any of the
studied mechanisms, since diverse models of kinetics were victori-
ous in the experimental data fitting [42,43].

3. The process

The analysis of kinetics not only allows the estimation of sorp-
tion rates, but also results in suitable expressions of rate char-
acteristics and potential reaction mechanisms [44]. A basic ther-
modynamic investigation of the system usually follows right after.
For instance, when the Gibbs free energy has values with negative
sign, AGY, the sorption of the examined reactive dye onto layered
double hydroxide (the sorbent material) was revealed to be spon-
taneous, under the conditions of the experimental process, without
demanding an induction period [45]. The relatively known equa-
tions are presented. The positive values of the standard enthalpy
change of sorption AHC reflects its nature, which, in this case, is
endothermic. Additionally, since this adsorption process has an en-
dothermic nature, the quantity that sorbed at the phase of equilib-
rium grew with temperature rise.

On the other hand, lead ions adsorption on bentonite clay was
found to be exothermic and spontaneous [46]. As a result, the ad-
sorption reaction is less favorable in the case of a higher tempera-
ture. Other similar studies include the removal of cobalt ions onto
activated carbon [17], and modified biochar for antimony sorption

[47]. The latter showed an inner-sphere complexation occurring.
The above results lead to an in-depth analysis of the real process
and revealed its mechanism. A few more examples will be pre-
sented below.

The greater performance was attributed to the observed iron
oxyhydroxide phase (akaganeite), which can react in the presence
of arsenates, since oxy-hydroxides of iron can react in the pres-
ence of arsenates as illustrated in Fig. 4. The study of the materi-
als with microporous structure was carried out by N, adsorption
(BET), SEM, FTIR, thermal analysis and patterns of XRD [48].

Interactions of Cp-cation were mainly attributed to interac-
tions with electrostatic nature between the quadrupole moment
of the metallic cation (i.e. lead) and activated carbon aromatic
rings [49]. The adsorption of curcumin via metal organic frame-
works was affected due to the sites with defective morphology in
the framework structure [50]. The sorption of cadmium on biochar
was achieved due to the formation of precipitation of Cd(OH),
and CdCO3 and the interaction with carboxyl and carbonyl groups;
whereas in the case of sulphur-modified biochar, the process of
sorption was achieved due to the formation of CdS and CdHS* and
to interaction with organic sulphide [51].

4. Examples of sorbents’ synthesis

In the experimental study by G. Z. Kyzas et al. [17], activated
carbon was synthesized from potato peels according to the fol-
lowing synthetic route: initially, the bio-waste potato peels were
leached with deionized water, in order to remove dust and other
inorganic compounds. The obtained potato peels were then fil-
tered, in order to remove water and were afterwards oven-dried
at 120 °C for a period of 24 h, to rid the content off moisture. The
dried bio-waste was ground and sieved, in an attempt to obtain a
particle size in the range of 0.45 to 0.15 mm. H3PO,4 was used as
the agent for the activation of dry biomass, through the process
of chemical activation. A weighted amount of dried potato peels
(10 g) was impregnated with H3PO,4 (125 mL-75% w/w) at ambi-
ent temperature and was kept under stirring for 24 h. Furthermore,
the impregnated with H3PO4 bio-waste was dried at high temper-
ature in a sand bath, with the purpose to remove residual water
and was later oven-dried at a temperature of 100 °C for a 24 h
period. In addition, a weighted amount of the dried and impreg-
nated with H3PO4 bio-waste samples was inserted in a furnace for
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Fig. 4. Arsenates sorbed by iron oxyhydroxide impregnated (microporous) activated carbon: mechanism of the process. Reproduced with permission taken by Bentham

Science, 2014 [48].

the process of carbonization and heated up at activation tempera-
tures of 400, 600 and 800 °C under a N, flow (99.999% pure) of 30
STP cm3/min; the latter was kept at the same ratio during the pro-
cess of heating up and cooling down, keeping the heating rate con-
stant (~10 °C/min). The process of treatment at the temperature of
carbonization lasted for a period of 2 h. This was followed by the
process of cooling down the residues, which had a solid form and
were washed for 24 h in a Soxhlet apparatus, in order to obtain a
neutral pH (6-7) value. They were then leached again with the aid
of ethanol. Finally, in order to obtain the activated carbon materi-
als, they were dried in an oven for 24 h at a temperature of 100
°C and were abbreviated as PoP400, PoP600 and PoP800 where the
“Po” term corresponds to the precursor potato peels, “P” to H3POy4
activation agent and the numerals “400”, “600” and “800” to the
temperatures of activation, respectively [17].

In another synthetic protocol from the research activity of
G.Z. Kyzas, the synthesis of low-cost adsorbents from untreated
coffee residues (UCR) was achieved, which were derived from
cafeterias. These coffee residues were used without modification,
and thus were untreated. In order to improve their adsorptive
ability, the only processing they were submitted to was their
leaching in the presence of distilled water, aiming to remove
color and dirt, and then they were dried in a convention oven
for 5 h at the temperature of 105 °C. The coffee residues that
were used for the adsorption studies were in powder form af-
ter the process of sieving, reaching a final particle size between
475 and 525 pum [52].

In a different work [53], the synthesis of low-cost adsorbents
from “Greek coffee” (COF) was achieved. These coffee residues
were used without modification as well, i.e. they were untreated.
In order to improve their adsorptive ability, the only processing
they were submitted to was their leaching via distilled water in
order to remove color and dirt. They were later dried in a conven-
tion oven for 5 h at a temperature of 105 °C. The coffee residues
that were used for the adsorption studies after the process of siev-
ing were in powder form, with final particle size between 475 and
525 pm [53]. Furthermore, in the same work, the synthesis of low-
cost adsorbents was achieved from treated coffee residues (TCR)
and UCR. More specifically, in the case of UCR, the residues were
dried in just ambient air. Then, the process included the sieving of
UCRs in order to obtain particles in the range of 475-525 pum.

In the case of TCR, it was initially washed with distilled water
in order to remove color and dirt, and thereafter it was dried in a
convection oven for a period time of 5 h at 105 °C. Then, the coffee
residues were treated with a 2% solution of formaldehyde, in order
to decrease the leaching of organic compounds, and to prevent the
formation of mould during batch adsorption. Both, TCR and UCR
after the process of sieving were in powder form with final particle
size between 475 and 525 pum [54].

Travlou et al. [55] prepared a graphite oxide grafted with mag-
netic chitosan adsorbent composite. Initially, FeCl; 6H,0 (9.5 g),
FeCl, 6H,0 (3.5 g), and then DI water (400 mL) were stirred in
a water bath for 1 h at a temperature of 60 °C under a N, flow.
Thereafter, a solution of ammonia was inserted dropwise, and the
mixture was then purged with the use of N, until a value of 10 pH
was achieved. The obtained precipitation after the aforementioned
process was thus decanted in a dialysis tubing membrane, which
was manufactured by cellulose material (Sigma Co.). In addition,
the cellulose membrane which was filled with the precipitation
material was inserted in a bath of distilled water. The membrane
was used in order to remove the ions of chloride from the ini-
tial suspension, through the osmosis process. The water bath was
tested in order to see if there is presence of Cl~ ions. This process
was achieved with the use of a 0.1 M solution of AgNOs3. Next, the
water of the bath was changed and replaced a lot of times in order
to achieve after examination the absence of chloride ions in the
aqueous solution. After the process of decantation, the cake from
the surface of the membrane was obtained and was inserted in a
bench freeze drier (Christ Alpha 1-4), where it was freeze-dried
[55].

Furthermore, an acetic solution (400 mL-2% v/v) was prepared,
where the pure chitosan (Chypw, 2 g) was dissolved. Magnetic par-
ticles were then inserted in the aforementioned synthesized so-
lution of chitosan (0.75 g), and the prepared mixture was later
sonicated for a period of 30 min. In order to achieve the cross-
linking of chitosan, the glutaraldehyde solution (GLA, cross-linker)
was added to the prepared mixture. The process of cross-linking
was carried out because the presence of chitosan in aqueous solu-
tion appears to have a high degree of swelling, as well as because
the adsorbent nanocomposite that is based on chitosan should be
cross-linked in order to overcome this problem. GLA (15 mL, 50 wt.
% in H,0) was inserted in the reaction flask and then the aqueous
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solution was stirred vigorously under these conditions for 2 h at
the temperature of 60 °C. After this process, the obtained precipi-
tate was rinsed with the aid of ethanol and distilled water. Finally,
the obtained material was inserted and dried in a vacuum oven at
the temperature of 50 °C. The resulting product obtained after the
described process was magnetic chitosan (Chm) [55].

The next step includes the synthesis of GO according to a mod-
ified method of Hummers. Commercial powder of graphite (10 g)
was stirred in the presence of concentrated H,SO4 (230 mL, 0 °C).
Thereafter, KMnO4 (30 g) was slowly inserted to the prepared sus-
pension. Because the temperature of the suspension should be kept
lower than 20 °C, the addition rate was controlled in order to pre-
vent a quick increase in the suspension temperature. After this
process, the reaction mixture was cooled down at the tempera-
ture of 2 °C. After the ice bath removal, the obtained mixture was
stirred at ambient temperature for 30 min. Distilled water (230
mL) was then added to the reaction vessel at a very slow rate,
while the temperature of the reaction was maintained at values
lower than 98 °C. The suspension was diluted and further stirred
for 15 min and then got diluted again with distilled water (1.4
L); Afterwards, H,O, (100 mL, 30 wt. % in H,0) was added and
it was left overnight. The yielded particles of GO settled at the
bottom of the used vial, and were later separated from the ex-
cess aqueous solution (liquid) through decantation. The process in-
cluded the transportation of the remaining suspension to dialysis
tubes (Sigma Co.). The process of dialysis was accomplished with
the addition of a BaCl, aqueous solution and precipitation of BaSO4
was not detected. The liquid form of the yielded GO was separated
through the process of centrifugation. Finally, the yielded material,
which had a gel-like morphology was freeze-dried, and from the
initial GO, the final material -a fine dark brown powder- was ob-
tained [55] .

Finally, an acetic solution (100 mL-2% v/v) was prepared, in
which the pure chitosan (Chypw, 2 g) was dissolved. The synthe-
sized mixture was sonicated for 30 min. In addition, magnetic par-
ticles were inserted in the synthesized chitosan solution (0.75 g),
and the prepared mixture solution was further stirred for a pe-
riod of 2 h. GLA was then added to the reaction flask (15 mL, 50
wt. % in H,0), along with GO (1.5 g). The pH of the mixture was
adjusted to 9-10 and thereafter was stirred for 1h at 80 °C. The
obtained precipitate was leached with ethanol and distilled water,
and finally dried in a vacuum oven at a temperature of 50 °C. The
final product, abbreviated as GO-Chm, was grounded in order to
obtain its powder form and then sieved in order to reach a final
particle size between 75 and 125 um [55]. Table 1 presents the
selected synthetic routes as well as the experimental conditions.

5. Cost analysis

During the initial research stage process, large-scale data was
gathered. A top-down approach was adopted in order to estimate
and verify the market share of reagents. During the secondary re-
search, information from multiple studies and various sources (in-
dustry reports, articles, scientific papers etc.) was taken into ac-
count. The reagents market research was conducted through the
use of directories and databases, in order to identify and obtain
a wide range of data to achieve a more oriented research of the
reagents market and related technical processes [56].

5.1. Synthesis cost

The data was collected from various sources, mainly from in-
person interviews with Greek Laboratories of Chemistry, due to
the personal experience and practice on the subject matter. The
main point of the interviews was the identification and assess-
ment of “popular” adsorbents. In-person interviews offer a lot of
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advantages, such as the observation of the interviewee’s reactions
and the unobtrusive listening of their replies. As suggested by Hol-
stein and Gubrium, this work performed interviews of unstruc-
tured character, due to their effectiveness and flexibility to ex-
plore select issues of great importance. It allows the interviewee
to share their personal expertise, without the occasional risk stem-
ming from the guided questions of a researcher. The confidential-
ity of these interviews is of great importance in order to protect
the participants, which enables the free expression of their opin-
ions. In the case of the present work, the interviewees are male
professors, while the duration of the interview was more than 40
minutes [56].

5.2. Selection of synthesis route

In order to explore the adsorption phase in more depth and in
order to uncover the factors that characterize the adsorption mate-
rials, a literature search was conducted with the intention to iden-
tify and further examine the selected synthetic routes. In addition,
the experimental synthesis routes with the most novelty and cita-
tions were selected, in order to evaluate the cost factors [56].

5.3. Cost of raw materials

The cost of raw materials for the study of reagents was re-
trieved from publicly released catalogues. In the case of chitosan
products, there is a wide range of prices which depends on the
final product quality. For example, the price of a chitosan prod-
uct might range between 10 to 1000 USD dollars per kilogram.
In this study, the calculated costs are translated to euros (-).This
cost analysis took into account the prices from multiple vendors all
over the world. For each case, the cost of raw materials included
the cost of the adsorbent and the cost of the recovery materials
[57].

5.4. Energy cost

The energy spent during the various stages of the experimen-
tal processes corresponds to the cost of energy. The cost of energy
per KWh is calculated based on the average energy price in Greece
for 2020 (0.197 Euro/KWh), according to the Hellenic Public Power
Corporation S.A. As a result, the cost of energy in Euros has been
calculated for the amount of KWh spent and the 1 KWh price in
Greece.

6. Adsorption applications
6.1. Adsorption Isotherms

In the case of potato peels with activated carbon for the re-
moval of Co (II) ions, the effect of initial concentration of ions on
adsorption was calculated according to the isotherms of equilib-
rium data. Fig. 5 presents this effect at temperature levels of 25,
45 and 65 °C. It should be noted that the adsorption capacity of
PoP 400 and PoP 600 increases according to the increase of the ini-
tial concentration of Co(Il) ions from 10 to 1000 mg/L. After fitting
the Freundlich and Langmuir models, it was revealed that the best
fitting was achieved with the model of Langmuir when RZ=0.998.
Furthermore, it was revealed that the PoP 400 has lower adsorp-
tion capacity in comparison to the PoP 600 and the values were
373 and 405 mg/g, respectively, at a temperature of 25°C (Table 2).

This change of 8% is attributed to the difference of structural
and textural properties of PoP400 and PoP600 carbons. In addition,
the same experiments of equilibrium were also performed at a
temperature level of 45 and 65 °C. The behavior of adsorption pro-
cess was not the same for the PoP400 and PoP600 adsorbents. In
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materials: Pure chitosan (Chymw, 2 g), acetic acid solution
(100 mL, 2% v/v (%vol)), Magnetic particles (0.75 g), GLA
(15 mL,(50 wt% in H,0)), GO (1.5 g), ethanol 500 mL,
distilled water (2 L)

e Stirring (3 h)
e Vacuum oven (12 h)
e Sieving (1 h)

CAT M 6,1 (580 W)
Oven Thermofisher (1.45 kW)
ANALYSETTE 3 PRO (50 W)

Table 1
Selected syntheses and synthesis conditions.
Materials Experimental procedure Instrumentation Ref.
Activated carbon derived from potato peels Synthesis e Drying (120°C, 24 h) Oven Thermofisher (1.45 kW) [17]
materials: H3POy4 (125 mL, 75% w/w)
e Sieving (+0.45-0.15 mm, 1 h) ANALYSETTE 3 PRO (50 W)
e Stirring (24 h) CAT M 6,1 (580 W)
e Sand bath (6 h) Sand bath S70 (1000 W)
e Drying (100°C, 24 h) Oven Thermofisher (1.45 kW)
e Activation (2 h) Oven Thermofisher (1.45 kW)
e Nitrogen flow of 30 STP cm3/min (4 h) -
e Soxhlet (24 h) Soxhlet Electrothermal (580 W)
e Drying (100 °C, 24 h) Oven Thermofisher (1.45 kW)
Adsorbent derived from coffee residues Synthesis materials: e Washing (24 h) CAT M 6,1 (580 W) [52]
Coffee residues
e Drying (5 h) Oven Thermofisher (1.45 kW)
e Sieving (0.5 h) ANALYSETTE 3 PRO (50 W)
e Washing (24 h) CAT M 6,1 (580 W) [53]
e Drying (5 h) Oven Thermofisher (1.45 kW)
e Sieving (0.5 h) ANALYSETTE 3 PRO (50 W)
e Washing (24 h) CAT M 6,1 (580 W) [54]
e Stirring with formaldehyde (12 h) CAT M 6,1 (580 W)
e Drying (5 h) Oven Thermofisher (1,45 kW)
e Sieving (0.5 h) ANALYSETTE 3 PRO (50 W)
Magnetic nanoparticles Synthesis materials: Acetone (200 e Washing (24 h) Soxhlet Electrothermal (580 W) [55]
mL), FeCl,®4H,0 (3.5 g), FeCl;#6H,0 (9.5 g), doubly
distilled water (400 mL), ammonia (50 mL), N, flow 150
cm?3/min, AgNO3 (0.5 g), distilled water (2 L)
e Stirring (1 h) CAT M 6,1 (580 W)
e Water bath (1 h) Precision GP 02 (200 W)
e Dialysis tubing cellulose membrane (24 h) -
Magnetic chitosan Synthesis materials: Pure chitosan e Stirring for the dissolving of chitosan in CAT M 6,1 (580 W) [55]
(Chymw, 2 g), acetic acid solution (400 mL, 2% v/v),magnetic  acetic acid (1 h)
particles (0.75 g), GLA (15 mL,(50 wt% in water)), ethanol
(500 mL), distilled water (500 mL)
e Sonication (0.5 h) Sonicator Fisherbrand (500 W)
e Cross-linking (12 h) CAT M 6,1 (580 W)
e Vigorous stirring (2 h) CAT M 6,1 (580 W)
e Vacuum oven (12 h) Oven Thermofisher (1.45 kW)
Graphite oxide Synthesis materials: Graphite powder (10 g), e Time of process (KMnO,4 addition)-stirring CAT M 6,1 (580 W) [55]
H,S04 (230 mL), KMnO4 (30 g), distilled water (1.63 L), under ice bath (after ice bath +30 min
H,0;, (100 mL, 30 wt% in H,0), BaCl, further stirring) (2 h)
e Centrifugation (1 h) Sorvall ST 8 Small Benchtop
Centrifuge (310 W)
® Freeze-drying (12 h) Christ Alpha 1-4 (510 W)
Graphite oxide-magnetic chitosan composite Synthesis e Sonication (0.5 h) Sonicator Fisherbrand (500 W) [55]

the case of PoP400, the adsorption capacity (Qmax) increased from
373 mg/g to 382 and 389 mg/g for adsorption temperature levels
of 25, 45 and 65 °C, respectively (Table 3). The percentage increase
of Qmax was 2.4 % after increasing the temperature from 25 to 45
°C, and 1.8 % after moving from 45 to 65 °C. However, in the case
of PoP600 the increase of temperature seems to have a greater in-
fluence. In the case of PoP600, the Qmax increased from 405 mg/g
to 447 and 480 mg/g for adsorption temperature levels of 25, 45
and 65 °C, respectively (Table 3). The percentage increase of Qmax
was 10.4 % after going from 25 to 45 °C, and 7.4 %, when increas-
ing from 45 to 65 °C. Finally, after a comparison of the PoP400 and
PoP600 carbons, it was revealed that in the case of PoP600 the in-
fluence of temperature was about 5-8 times higher than PoP400
[17].

In the case of UCR for the removal of dyes from aqueous solu-
tion, the data of experiments were fitted to the isotherm models of
Langmuir, Freundlich and Langmuir-Freundlich (L-F), respectively.
Fig. 6 presents the obtained isotherms which were derived from
the adsorption of Remazol Blue RN and Basic Blue 3G onto UCR.

The results of Qmax (Table 2), are presented below along with the
other equilibrium parameters which were derived after the process
of experimental data fitting (Table 3). The correlation coefficients
(R2>0.997) reveal that the results derived from the model of L-
F appear to have a better fitting and a closer prediction. In addi-
tion, the calculated Qmax at the temperature of 25 °C for Remazol
Blue RN and Basic Blue 3G were 179 and 295 mg/g, respectively
(Table. 2).

The equilibrium uptake of dye for all cases of adsorbents was
affected by the initial concentration of dye, using constant adsor-
bent dosage (1 g/L). In the case where the initial concentrations
are low, the equilibrium phase is reached very rapidly because the
dyes’ adsorption (basic or reactive) is very intense. This result indi-
cates the possible formation of dye molecules monolayer coverage
at the outer interface of UCR adsorbent. Moreover, in the case of
low concentrations (0-50 mg/L), the initial ratio of the number of
dye molecules to the accessible sites of adsorption is low, and later
on becomes independent. Therefore, according to Brunauer et al.
the curves shapes of Fig. 6 indicate that the obtained isotherms
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Selected synthetic routes for the removal of various pollutants by using different adsorbents (dosage: 1
g of adsorbent per 1 L of adsorbate solution at 25 °C).

Material produced pH Qmax (mg/g)  Pollutant Ref.
Activated carbon from potato peels (PoP 400) 6 373 Co(II) [17]
Activated carbon from potato peels (PoP 600) 6 405 Co(1II) [17]
Adsorbent derived from coffee residues UCR 2 179 Remazol Blue RN [52]
10 295 Basic Blue 3G [52]
2 241 Reactive dyes [53]
8 5 Cu(1r) [54]
8 44 Cr (VI) [54]
Adsorbent derived from coffee residues TCR 8 69 Cu(1n) [54]
8 37 Cr(VI) [54]
Graphene oxide and magnetic chitosan 3 391 Reactive Black 5 [55]

Table 3
Equilibrium parameters for the adsorption of various pollutants from aqueous solution with the use of various adsorbent materials.
Langmuir equation Freundlich equation L-F equation Pollutant Ref.
T(°C)  Qmax K (Limg) R? Ke (mgh'"Lim g=1)  n R Qmax (mg/g) Kir (L/mg) '°) b R?
(mg/g)
Activated carbon derived from potato peels (PoP400)
25 373 0.035 0.998 57.68 331 0937 - Co(II) [17]
45 382 0.041 0.998 63.55 342 0936 - - - - [17]
65 389 0.047 0.997 69.52 3.53  0.934 - - - - [17]
Activated carbon derived from potato peels (PoP600)
25 405 0.050 0.995 72.40 3.50 0.947 - - - - Co(II) [17]
45 447 0.057 0.988 82.27 349 0.959 - - - - [17]
65 480 0.076 0.982 95.64 3.57 0.966 - - - - [17]
Adsorbent derived from coffee residues
25 175 0.009 0.997 11.84 2.53  0.956 179 0.008 0.96 0.997 Remazol [52]
Blue RN
45 197 0.008 0.998 11.83 2,53  0.957 212 0.007 0.90 0.999 [52]
65 232 0.007 0.997 11.44 227 0.980 269 0.005 0.83 0.999 [52]
25 240 0.041 0.987 36.61 312 0974 295 0.020 0.67 0.998  Basic [52]
Blue 3G
45 245 0.044 0.984 38.33 3.15 0978 313 0.018 0.64 0.999 [52]
65 251 0.048 0.978 41.44 321 0.982 347 0.014 0.58 0.999 [52]
25 214 0.0075  0.997 11.47 234 0976 241 0.0054 0.850 0.999 Reactive [53]
dyes
45 245 0.0072  0.997 12.08 227 0978 278 0.0051 0.848 0.999 [53]
65 254 0.0091  0.997 15.85 243 0975 287 0.0064 0.835 0.999 [53]
25 49.34 0.222 0.978 16.842 4.02 0.964 59.18 0.132 0.64 0.996  Cu(Il) [54]
25 56.90 0.229 0.973 19.245 3.94 0.924 69.97 0.125 0.61 0.993 [54]
25 38.68 0.139 0.995 11.739 3.90 0.915 37.03 0.150 1.18 0.998  Cr(VI) [54]
25 43.75 0.136 0.996 12.505 3.67 0.940 44.82 0.129 0.93 0.996 [54]
Graphene oxide with magnetic chitosan (GO-Chm)
25 368 0.113 0.944 39.99 218 0.991 391 0.148 0.60 0.954  Reactive [55]
Black 5
45 372 0.067 0.969 59.21 256  0.996 401 0.056 0.81 0.970 [55]
65 391 0.037 0.976 93.48 327 0989 425 0.030 0.85 0.964 [55]

for the studied system of adsorbent-dye are Type-I, according to
the classification of BET, and are characterized by a high adsorp-
tion degree at low concentrations. In the case of higher concen-
trations, the availability of sites of adsorption become lower and
subsequently the process of adsorption depends on the initial dye
concentration. In fact, the exchanging molecules and their diffu-
sion within the particles of UCR, may govern the rate of adsorp-
tion in the case of higher initial concentrations. The temperature
effect on the phase of equilibrium is presented via the curves of
isotherm (Fig. 6). The behavior of adsorption is the same for Re-
mazol Blue RN and Basic Blue 3G: after an increase of the proce-
dure’s temperature from 25 to 65 °C, an increase of the Qmax (dye
uptake) is observed. However, the adsorption increase is mainly
attributed to the augmentation of the adsorption sites number,
which is caused due to the breaking of some of the internal bonds
near the edge of the active sites of surface of the UCR adsor-
bent. Likewise, the phenomenon of the adsorption increase could
be attributed to the increased dye molecules penetration inside

the possible structure of micropores or apparent cavities on sur-
face in the case of higher temperatures or to the new active sites
creation [52].

Fig. 7 depicts the isotherms which were obtained from the syn-
thetic effluent decolorization at two values of pH (in order to com-
pare the obtained Qmax of COF at optimum and natural value of
pH). Moreover, below are reported the maximum Qmax and the
other parameters of isotherm which were obtained after the fit-
ting process (Table 3). The correlation coefficients (R?) confirmed
that the models of Langmuir and L-F fit with high correlation to
the experimental data (Langmuir: R? ~ 0.997; L-F: RZ ~ 0.999). In
the case of total dye removal at 25 °C the Qmax was 179 mg/g
(pH = 10) and 241 mg/g (pH = 2). Furthermore, it should be noted
that the current study describes the COF application not only for
synthetic samples, but and for real dyeing samples. In general, it
was observed that the equilibrium uptake of dye was affected by
the initial concentration of dye, using constant COF dosage (1 g/L).
In the case of low initial concentrations, the equilibrium phase was
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Fig. 5. Effect of temperature (25, 45, 65 °C) and initial concentration on adsorption
of Co (II) chemical element onto PoP600 and PoP400 (fitting to isotherm equations
of Freundlich and Langmuir). Reproduced with permission taken by Elsevier, 2016
[17].
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Fig. 6. Effect of temperature and initial concentration of dye (isotherms) on adsorp-
tion of Basic Blue 3G and Remazol Brilliant Blue RN onto untreated coffee residues
(pH = 10, Basic Blue 3G; pH = 2, Remazol Brilliant Blue RN; concentration of dye
0-1000 mg L-'; 24 h contact; 140 rpm; 1 g L-! adsorbent; T = 25, 45, 65 °C). Re-
produced with permission taken by Elsevier, 2012 [52].
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Fig. 7. Decolorization isotherms of synthetic solution dyeing with Greek coffee
grounds (pH = 2, 10; total concentration of dye 0-1000 mg L~'; 24 h contact, 140
rpm, 1 g L= adsorbent, T = 25, 45, 65 °C). Reproduced with permission taken by
MDPI AG, 2012 [53].
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Fig. 8. Effect of initial concentration of ion on removal of Cr (VI) and Cu (II) onto
treated and untreated residues of coffee (pH = 5; concentration of ion 0-50 mg
L-'; 5 min - 24 h contact; 140 rpm; 1 g L-! adsorbent; T = 25 °C). Reproduced
with permission taken by MDPI AG,2012 [54].

reached very rapidly because the dyes adsorption was very intense.
In conclusion, this phenomenon confirms the possibility of mono-
layer coverage formation of molecules of dye at the outer COF in-
terface.

In the case of low total concentrations of dye (0-50 mg/L), the
initial ratio of dye molecules to the available sites of adsorption
is low, and the fractional adsorption has independent character
according to the initial concentration. As a result, according to
Brunauer et al., the curve shapes of Fig. 7 indicate that the ob-
tained isotherms for the studied system of adsorbent-dye are Type-
I, according to the classification of BET, and are characterized by
a high adsorption degree at low concentrations. Furthermore, in
the case of higher concentrations, the available sites of adsorption
were lower and the process of adsorption depended on the ini-
tial dye concentration. In fact, the exchanging molecules and their
diffusion within the particles of COF, may govern the adsorption
rate in the case of higher initial concentrations. The temperature
effect on the phase of equilibrium is presented via the curves of
isotherm (Fig. 7). The behavior of adsorption is the same for both
conditions of pH of synthetic effluents: when increasing the proce-
dure’s temperature level from 25 to 65 °C, an increase of the Qmax
was observed (dye uptake) [53].

The fitting parameters of the three isotherm models are pre-
sented in Table 3. The correlation coefficient values (R2~0.998) con-
firm that the model of L-F appears to have a better fit and the clos-
est prediction. The initial metal concentration effect on the adsorp-
tion metal loading of the coffee residues is depicted in Fig. 8. The
obtained data suggested an increase in the metal’s amount, which
adsorbed onto the adsorbents derived from coffee residues, when
the initial concentration of metal was increased. It was observed
that the Qmax change between the TCR and UCR was approximately
10 mg/g. (Cr(VI): 44 mg/g, TCR; 37 mg/g, UCR and Cu(Il) 69 mg/g,
TCR; 5 mg/g, UCR) [54].

Fig. 9 depicts the isotherm curves of GO and GO-Chm. The pa-
rameters of the fitting of the three isotherm models are presented
in Table 3. For the Reactive Black 5 removal, the Qmax at 25 °C was
391 mg/g (Table 2). The equilibrium uptake of dye for all cases of
adsorbents was affected by the initial concentration of dye using
constant adsorbent dosage (1 g/L). When the initial concentrations
are low, the equilibrium phase is reached very rapidly because the
dye’s adsorption (basic or reactive) is very intense. This result indi-
cates the possible formation of dye molecules monolayer coverage
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Table 4
Comparison of the pseudo first-second and third-order adsorption rate constants.
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Pseudo-first order

Pseudo-second order  Pseudo-third order

Adsorbent k; (min~')  R% () ky (min~') R? (-) ks (min~') R (-)  Pollutant Ref
Activated carbon derived from potato peels (PoP400) 0.0272 0.997 0.0479 0.955 - - Co(II) [17]
Activated carbon derived from potato peels (PoP600) 0.0344 0.997 0.0607 0.952 - - Co(II) [17]
Adsorbent derived from coffee residues UCR 0.039 0.953  0.071 0.992 0.155 0.941  Remazol Blue RN [52]
Adsorbent derived from coffee residues UCR 0.065 0.985  0.120 0.994 0.324 0.891 Basic Blue 3G [52]
Adsorbent derived from coffee residues UCR-Real effluent 0.013 0.994  0.026 0.967 0.051 0.889 Reactive dyes [53]
Adsorbent derived from coffee residues UCR-Synthetic effluent  0.021 0994 0.031 0.966 0.058 0.877  Reactive dyes [53]
Adsorbent derived from coffee residues UCR 0.032 0.998  0.061 0.963 0.128 0.872  Cu(l) [54]
Adsorbent derived from coffee residues TCR 0.037 0.995 0.070 0.972 0.153 0.887 [54]
Adsorbent derived from coffee residues UCR 0.025 0.994  0.046 0.973 0.093 0.889 Cr(VI) [54]
Adsorbent derived from coffee residues TCR 0.032 0.998  0.061 0.966 0.127 0.876 [54]
Graphene oxide with magnetic chitosan (GO-Chm) 1.94 0.847 3.255 0.972 - - Reactive Black 5 [55]
400 ——— T T —— T T summarizes the costs calculated from the use of raw materials and
GO-Chm energy, while the sums of costs of selected synthetic routes are
7 also revealed. The synthetic routes costs will be the basis for the
] final comparison of the costs for each one of the synthesized ad-
sorbents in this study. The equation that was used for the calcula-
= 2 tion of the energy cost is presented below:
k-]
E - Ec=PgxaxtxCe (1)
0‘
1 where E, Py, a, t, and C. refer to the cost of energy (-), the device
power consumption (kW), the load factor (a = 0.5 if the device
o] was used in half-power mode, while in full mode a = 1), the time
50 o zg_ period Fhat the device (h) is used and the cost of energy (-/kWh),
A 65 respectively [57].
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Fig. 9. Effect of initial concentration of Remazol Black 5 on adsoprtion onto GO-
Chm. Reproduced with permission taken by American Chemical Society, 2013 [55]

at the outer interface of the GO-Chm adsorbent. Moreover, in the
case of low concentrations (0-50 mg/L), the initial ratio number
of dye molecules to the accessible sites of adsorption is low, and
becomes independent and the fractional adsorption on initial con-
centration. The temperature effect on the phase of equilibrium is
presented via the curves of isotherm (Fig. 9).

It was also revealed that when the procedure’s temperature in-
creases from 25 to 65 °C, an increase of the Qmax (dye uptake)
value is noted. In the case of GO-Chm composite material, the
Qmax value was increased from 391 mg/g at 25 °C to 401 and
425 mg/g at 45 and 65 °C, respectively. The adsorption increase
is however mainly attributed to the augmentation of the adsorp-
tion sites number, which is caused due to breaking of the internal
bonds near the edge of the active sites of the surface of the UCR
adsorbent. Likewise, the phenomenon of increase of adsorption
could be attributed to the increased dye molecules penetration in-
side the possible structure of micropores or apparent cavities on
surface, in the case of higher temperatures, or to the new active
sites creation [55]. Table 4 presents a comparison of the pseudo-
first, -second and -third order adsorption rate constants for all
samples.

6.2. Cost calculations

In order to calculate the costs of the selected synthetic routes,
Table 1 was designed, revealing all the synthesis information. The
methods and duration used during the process of synthesis are
presented, along with the appropriate instrumentation (apparatus)
and the consumption of energy information. In addition, Table 5
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The results of this work should be compared to some recently
published adsorbent materials in order to evaluate their feasibil-
ity. A very high adsorption capacity of 405 mg/g [58] was ob-
served for the case of activated carbon derived from potato peel
for the removal of Co(Il) from aqueous solution. In the study of
Zhang et al., the adsorption of Co(Il) from aqueous solution using
a layered metal sulfide adsorbent was examined, and its adsorption
capacity was found to be 82 mg/g. In another study, the removal
of Co(Il) from aqueous solution using graphene oxide was exam-
ined, resulting in a adsorption capacity of 53 mg/g [59]. Table 6
presents a more detailed comparative study for the adsorption of
heavy metals and dyes from aqueous solutions. In the synthetic
route of Khalifa et. al. the removal of Cu(Il) from aqueous solutions
with the use of Cellulose-g-poly(acrylonitrile) was investigated (the
adsorption capacity was 13 mg/g), while in another study daily
manure biochar was used as adsorbent and the adsorption capac-
ity of Cu(Il) removal was found to be 54 mg/g [60]. Kyzas et al.
studied the removal of Cu(ll) from aqueous solution with treated
coffee residues presenting efficient capacity (69 mg/g) [54]. In the
study of Mikhaylov et al., the removal of Cr(VI) from aqueous so-
lution using y-AlOOH/x-Fe,03 composite powders was examined
[61], while in another study from Jianhua Q. et al. the removal of
Cr(VI) from aqueous solution using KOH-activated porous biochar
was examined and the adsorption capacity was found to be 117
mg/g [62]. It is important to note that it is difficult to obtain a
direct comparison of adsorbent materials especially for heavy met-
als and dye compounds. Each material presented in Table 6 has
its own properties, disadvantages (adsorption properties, synthesis
cost etc.) or advantages (surface characteristics etc.). Furthermore,
another important factor that may affect the adsorption capacity
of the adsorbate material is the different molecular weights of the
absorbance compounds.
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Table 5

Costs of raw materials and energy in selected synthetic routes.
Material produced Raw materials (characteristics) Raw materials cost (-) Energy (-) Final Ref.

price (=)
Activated carbon derived Potato peels bio-waste (free of moisture and H3PO4 (8.35 €) 13.91 22.26 [17]
from potato peels sieved), H3PO,4 (85 wt% in H,0)
Adsorbent derived from Coffee residues (free of moisture and sieved)  Distilled water (0.10 €) 2.10 2.20 [52-54]
coffee residues UCR
Adsorbent derived from Coffee residues (free of moisture and sieving  Distilled water (0.10 €); Formaldehyde (2 €) 2.78 4.98 [54]
coffee residues TCR after the treatment with formaldehyde);
formaldehyde

Magnetic chitosan and Acetone; FeCl,®4H,0 (p.a>99.0%), Acetone (11.2 €), FeCl,*4H,0 (0.52 €), 6.70 109.43 [55]

graphene oxide FeCl;#6H,0 (reagent grade, 97%), doubly
distilled water, ammonia, AgNOs, distilled
water, N, flow, Pure chitosan (High
molecular weight), acetic acid (> 99%), GLA
(50 wt% in water), ethanol, acetone, graphite
powder, H,S04 (95%-98%), KMnOy4 (>99%),
H,0; (30 wt% in water), BaCl,

FeCl;#6H,0 (1.92 €), doubly distilled water
(0.16 €), ammonia (0.32 €), AgNO3 (1.43 €),
distilled water (1.03 €), N2 flow (0.53 €),
Pure chitosan (3.64 €), acetic acid (3.55 €),
GLA (2.48 €), ethanol (19.66 €), acetone
(28.2 €), graphite powder (0.16 €), H,SO4
(11.04 €), KMnO4 (4.17 €), H,0, (12.72 €)

Table 6

Comparison of adsorption capacity value between the synthesized materials and other adsorbents.

The table has selected metal ions and dyes

Pollutant Adsorbent Qmax (mg/g)  Ref
Cu(1In) TCR 69 [54]
Cellulose-g-poly(acrylonitrile) 13 [60]
Daily manure biochar 54 [60]
Cr(VI) UCR 44 [54]
Orange peels 7 [63]
y-AlOOH/«-Fe, 03 composite powders 417 [61]
KOH - activated porous biochar 117 [62]
Co(II) PoP 600 405 [17]
Geopolymer/faujasite 134 [60]
Chitosan functionalized with thiourea groups 83 [64]
Activated carbon cloth/graphene oxide electrode 17 [60]
Magnetic cyanoethyl chitosan beads 28 [60]
Activated carbon (Citrus limetta leaves) 61 [65]
Remazol Blue RN UCR 179 [52]
Organobentonites 40 [66]
Bone char 21 [67]
Organophilic bentonites 163-287 [68]
Basic Blue 3G UCR 290 [52]
Basic Blue 66 Cationic starch intercalated montmorillonite 50 [69]
Methylene Blue Apple pomace 108 [70]
Fe-Mn binary oxide nanoparticles 72 [70]
Raw KT3B kaolin (Algeria) 53 [70]
Reactive Black 5 Graphene oxide and magnetic chitosan 368 [55]
Carbon nanotubes 15 [71]
Chitosan/quartzite composite 171 [72]
3-D graphene-based composite 639 [73]
Coffee residues 78 [74]

7. Conclusions

This review paper investigates the modern trends of sorption,
presenting examples of the use of sorbents for the removal of dyes
and heavy metal ions, in line with estimations of the cost fin-
gerprint through combined calculations of raw material and en-
ergy data. According to the comparison to the results of research
works discussed above, it can be concluded that coffee residues
can be used as effective adsorbents for the removal of dyes and
heavy metal ions from aqueous solutions, at practically zero-cost.
These coffee-adsorbents appear to have high adsorption capacity
and reusability for more than 10 cycles versus both pollutants. In
the case of Basic Blue 3G and Remazol Blue RN removal from an
aqueous solution with untreated coffee residues, removal of 51%
and 86%, respectively were observed. The high adsorption capac-
ity and reusability deem coffee residues a hot research topic, es-
pecially for the removal of dyes from aqueous solutions. In ad-
dition, the activated carbon derived from potato peels appears to

1

have extremely high adsorption capacity, when compared to other
studies, for the removal of cobalt ions from aqueous solution. The
percentage removal of cobalt ions from aqueous solutions reaches
92%, which combined with its high adsorption capacity (405 mg/g)
render this type of activated carbon a very effective adsorbent for
the removal of cobalt ions from aqueous solutions. The low cost
of adsorbents (including graphene with magnetic chitosan) auto-
matically marks these cost-effective adsorbents as very promising
adsorbent materials for the removal of dyes and heavy metals from
aqueous solutions, while also addressing environmental concerns.
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