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ABSTRACT

Regardless of its toxicity, chromium is an element that lives with humans due to its various uses,
and while the toxic character of Cr(VI) is of wide knowledge, this element in its (III) oxidation state
is also harmful, and this harmfulness increased by the risk of its potential oxidation to the (VI)
oxidation state. Thus, there is a constant effort to find technologies that eliminated this Cr(III) from
the different effluents in which it is present. In liquid solutions, it seems that adsorption is one of
the most popular methods, and also the finding of adsorbents which eliminated Cr(III) most easily,
most selectively and with better yields. The recovery of this element from the loaded adsorbent and
the recycle of the adsorbent, are also two points that always, but this is not the real situation, must
be taking into account. This manuscript reviewed the most recent advances (papers published in the
2019 year) about the use of adsorption, and adsorbents aimed at the recovery of Cr(III) from liquid

solutions.
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1. Introduction

Chromium is a metal which finds applications in vari-
ous industries, thus, the generation of waste streams (solid
or liquid), containing chromium, during the production
line or at the end of service life becomes a practical prob-
lem, being their direct discharge to the environment a non-
desirable option. In the case of liquid effluents, the most
common (and stable) oxidation states for the element are
(VI) and (IIT), and while a lot of information has been writ-
ten about Cr(VI), this information is more scarce in the case
of Cr(Ill). The toxicity of Cr(Ill) is not as evident as that of
Cr(VI) [1,2], however, the presence of this oxidation state in
liquid effluents is a human risk, and this risk augmented
due to the real possibility of oxidation from the (III) to the
(VI) state, which multiplies the harmfulness of a given
effluent. Decontamination of liquid effluents by hydrome-
tallurgical procedures is an option, and between the differ-
ent possibilities, adsorption appears to be one of the most

popular ones [3]. Logically the development of adsorption
processes cannot be understood without the development
of adsorbents suitable for a given task. Also, it cannot be
forgotten that the adsorption process has a second part, the
desorption step, though in many cases, as it can be seen later
in this review, this step is not considered. This manuscript
review the advances presented, in the form of published
papers during 2019, of the adsorbents derived to remove
Cr(IIl) from solutions, however, only a few of them applied
the adsorbent on real Cr(IlI)-bearing solution.

2. Adsorption of chromium(III) from aqueous solutions

Ti-based metal-organic frameworks (NH,-MIL-125)
were post-synthetic modified through a strategy using
bis-quinoline Mannich bases, which yielded MIL-125-HQ
[4]. In the case of Cr(IIl), the maximum adsorption capac-
ity was determined to be 54 mg/g. Elution was carried out
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with EDTA, and after four cycles of adsorption—desorption,
the adsorption capacity decreased by 25% of its original.

The removal of chromium(Ill) from aqueous solu-
tions by the adsorption process using abundant vesicu-
lar basalt available around Abbay River in Ethiopia was
investigated [5]. Batch adsorption experiments had been
used to investigate the influence of different variables
(pH, ionic strength, initial concentration, and contact time)
on Cr(IlI) adsorption. The adsorption process was highly
dependent on pH, with a maximum adsorption capac-
ity of 0.98 mg/g at pH 6, metal initial concentration of
100 mg/L, and adsorbent dosage of 50 g/L. Experimental
data fitted well with the pseudo-second-order model and
the Langmuir model, whereas the adsorption mechanism
of Cr(Ill) uptake onto the surface of the vesicular basalt
involved film diffusion and/or intraparticle diffusion. No
data about the elution step was included in the work.

Phosphorus oxychloride was grafted onto the surface of
raw sawdust (RSD) particles to get effective adsorbent for
the removal of Cr(Ill) (also Cd(II), and Pb(II)) from aque-
ous medium [6]. At 25°C, maximum adsorption capacity
was 325 mg/g according to monolayer Langmuir adsorp-
tion, and the data fitted to the pseudo-second-order kinetic
model in an exothermic and was a spontaneous process.
Metal adsorption was attributed to the electrostatic interac-
tion between electron-rich oxygen onto the surface of the
adsorbent and Cr*". Metal elution was better with 0.1 M HCl
(90%) against 74% of 0.1 M nitric acid.

The removal of chromium(III) from solutions by chemi-
cally modified pine bark was investigated [7]. The xanthate
pine bark (XPB) derivative, produced with its reaction with
CS,, was screened as the best adsorbent. The equilibrium
data were well described by the Langmuir isotherm with
a maximum adsorption capacity of 57 mg/g, with data fit-
ted to the pseudo-second-order model. It was proposed,
that metal uptake occurred via an ion-exchange mechanism
between Cr*" and Na*:

2(-OCS;Na" )+ Cr(OH)2" & (-OCS”) Cr(OH) +2Na* (1)

and thus, Na* was released to the aqueous solution. Among
the desorbing agents investigated, the best results were
achieved with 2 M H,SO, (67% desorption). In column
experiments, a reduction on the breakthrough time (36.5%)
and the stoichiometric time (22.8%) were observed, if the
Cr(Ill) concentration feeding the column, increased from
230 to 500 mg/L. The desorption efficiency on the column
was 67% and 86% for the above aqueous feeds, respectively.
The breakthrough curves were well modeled by Bohard-
Adams, Thomas, or Yoon—-Nelson equations.

Graphene oxide/alginate hydrogel membranes (GAHMs)
were prepared by cross-linking a casting solution (blend-
ing graphene oxide, sodium alginate, and urea) with a cal-
cium chloride solution, and used to remove Cr(III) (and
Pb(II)) from solutions [8]. Results indicated that the opti-
mal pH for Cr(IIl) removal from the solution was 6 and
its adsorption was consistent with the pseudo-second-
order kinetic model and the Langmuir isotherm, with an
increment of the maximum adsorption capacity with the
increase of the temperature (Fig. 1), thus the adsorption for
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Fig. 1. Maximum adsorption capacities with temperatures.

Cr(IIl) by GAHMs was endothermic. 1 M HCI solution was
used as desorbent, and after five adsorption—desorption
cycles, high adsorption efficiency for both metal ions was
maintained.

In this Batool et al. [9], farmyard and poultry manure
were converted to biochars. The sorption kinetics of Cr(III)
was well-fitted to the pseudo-second-order equation, which
confirmed a chemisorption process, whereas experimental
data fitted to the Freundlich model due to the unfolding
of multilayer adsorption. Cr(III) adsorption capacities were
estimated as 38 and 34 mg/g for farmyard manure and
poultry manure-derived biochars, respectively, in spon-
taneous and exothermic adsorption processes. After six
cycles of continuous use, and using 0.1 M HCl solution as
desorbent, there was a 10% loss of the initial adsorption
capacity.

Removal of Cr(Ill) by adsorption on Cymbopogon
flexuosus waste material entrapped within sodium algi-
nate beads was investigated [10]. Cr(III) adsorption onto
the biosorbent material followed the pseudo-first-order
kinetic model, being the process of an endothermic nature.
Equilibrium data followed the Freundlich model, which
confirmed a multilayer chemisorption process, which
showed a maximum adsorption capacity of 122 mg/g.
Optimum conditions for such adsorption were: 0.05 g/L ini-
tial Cr(Ill) concentration in the aqueous phase of pH 4.5,
agitation speed of 150 rpm, and 25°C. The above adsorp-
tion mechanism was well-supported by the intraparticle
diffusion model. The saturated adsorbent was used as the
catalyst for p-nitrophenol reduction.

An adsorbent material based on passion-fruit shell bio-
mass (PFSB) for chromium(IIl) removal from contaminated
aqueous mediums, was investigated [11]. Removal levels of
85%, 80%, and 53% for solutions containing 0.02, 0.05, and
0.2 g/L of Cr(IlI), respectively, were yielded. Experimental
data showed a good fit to Langmuir and Freundlich models,
with a maximum uptake of 28 mg/g. All the above data were
derived using an adsorbent dosage of 5 g/L. The elution step
was not considered in the work.
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Column and batch experiments were carried out in order
to determine the removal efficiency, competitive adsorption
mechanism, and influencing factors on Cr*" (and Zn?*) solu-
tions by steel slag [12]. A single column experiment showed
that the removal yield of Cr* was 86%, however, in solutions
containing both elements, the presence of Cr* enhanced slag
hydrolysis and produced more active adsorption sites, but
decreasing Cr* adsorption in favor of Zn* removal. The pro-
cess runs well at pH values under 4.5 in the case of Cr** (6.8 in
the case of Zn?"), due to the apparition of precipitates in the sys-
tem. The results of the investigation concluded that there were
a number of factors affecting Cr(IIl) (and Zn(II)) adsorption
and desorption that needed further studies and analysis.

An amidoxime-functionalized chelating resin (PAO-
g-PS) was prepared through a two-step method and used
in the removal of various metals from aqueous solutions
[13]. The synthesis process consisted in a first reaction in
which poly(acrylonitrile) was grafted onto chloromethyl-
ated polystyrene beads via surface-initiated atom transfer
radical polymerization, in a second step, the nitrile group
was converted to the amidoxime group by reaction with
hydroxylamine. The adsorption properties were evaluated
against Cr(IIl) (also Fe(III), Cd(II), and Pb(II)). It was found
experimentally, that the maximum adsorption capacity was
130 mg/g in the case of Cr(IlI), with metal adsorbed onto the
resin via a chelation interaction, and the process fitted well
to the pseudo-second-order kinetic equation. Cr(III) removal
process had an endothermic character. The adsorptive prop-
erties of PAO-g-PS toward the above heavy metals ions were
selective, is not affected by common coexisting ions such as
Na(I), K(I), Ca(ll), and Mg(lI). Elution was performed with
1 M HCI solution. After 10 cycles, a loss on the adsorption
capacity was observed.

An adsorbent (Si-CPTS-HBAP) was produced first, when
(3-Chloropropyl)triethoxysilane (CPTS) was immobilized on
modified SiO, surface, then 2-(2-Hydroxybenzylidinoamino)
pyridin-3-ol (HBAP) was covalently immobilized on the
modified silica gel compound (Si-CPTS). Optimum Cr(III)
adsorption was yielded under the next experimental condi-
tions: pH 6, reaction time 120 min, adsorbent dosage 0.05 g,
and 30°C [14].

The alginate extraction residue (RES) from the Brazilian
Sargassum filipendula was employed as biosorbent on binary
solutions, revealing a greater affinity and selectivity for
Cr(III) over Zn(Il) [15]. Experimental results revealed that
the process was of endothermic nature and well fitted by
the Langmuir-Freundlich binary model. Apparently, Cr(III)
uptake responded to its coordination with hydroxyl groups
of RES followed by carboxyl-metal and sulfate complex-
ation. The manuscript did not show elution data.

This Cui et al. [16], investigated Cr(IIl) adsorption onto
synthetic boehmite nanoplates in sodium hydroxide solu-
tions up to 3 M. Adsorption isotherms and kinetics were
fit to Langmuir and pseudo-second-order kinetic models,
respectively, which was consistent with monotonic uptake
of Cr(OH); monomer species until saturation coverage
of approximately half the aluminum surface site density.
Maximum capacity was 20 mg/g at pH 13. Elution data were
not included in the work.

Magnetic alkaline lignin-dopamine nanoparticles
(AL-DA/Fe,O,NPs) were used to adsorb Cr(Ill) from

solutions [17], being the metals effectively removed by
physisorption and chemisorption processing. The maxi-
mum Cr(III) adsorption capacity was found to be 45 mg/g.
Sensitive magnetic responsiveness (24.6 emu/g) of the adsor-
bent material can be more helpful in recycling (over 90%
recycled within 2 min) and multiple reusing. The elution
step used 0.1 M HCI solution as desorbent, with a decrease
in the adsorption capacity up of five cycles of continuous
use.

The biosorption mechanism of Cr(Ill) (and methylene
blue) onto pomelo peel collected from local fruits was inves-
tigated by combining experimental analysis with ab initio
simulations [18]. At 30°C, maximum biosorption capac-
ity, calculated from the Langmuir model, was 11 mg/g.
The adsorption mechanisms for Cr(IIl) were attributed to
electrostatic attraction and n-d interactions. The manuscript
was written without elution investigations.

Sugarcane bagasse chemically modified with citric acid
was prepared and evaluated as adsorbent of Cr(III) (Cu(II)
and Pb(II) from aqueous solutions [19]. The adsorption pro-
cess was exothermic, and according to Langmuir isotherm
linear model, this modification had little effect on Cr(III)
adsorption capacity, about 22 mg/g for the pristine and
modified adsorbent, but it was more significant in the case
of Cu(Il) (9-32 mg/g) and Pb(II) (12-53 mg/g).

The interaction between Cr(III) and chitosan/montmo-
rillonite nanocomposites had been evaluated [20]. Using
various percentages of montmorillonite added on solid
chitosan, MMTCT{2% nanocomposite exhibited the best
adsorption capacity of Cr(Ill) as compared to MMTCTf1%
and MMTCTf3%. From a real tannery-waste solution
(Marrakech, Morocco), MMCTf2% can adsorb 45% of the
chromium(III) presented in the effluent, which presented a
pH of 6 and 300 mg/L Cr(Ill). Other variables used were:
adsorbent dosage of 0.2 g/L, and 24 h of reaction time.
The results, being lower than that obtained with synthetic
Cr(III) solutions, were explained by the presence of com-
petitive metals (Cu, Cd, Ni, etc.) in the tannery wastewater.
Elution experiments were no included in the work.

Nano-magnetic adsorbent MnFe, O, was prepared by the
co-precipitation method and used for Cr(IIl) (and Cr(VI))
elimination from aqueous phases [21]. The optimum pH,
for the adsorption of Cr(Ill), was determined as 5, with
the kinetics experiments fitted to the pseudo-second-order
kinetics model; in the case of adsorption equilibrium stud-
ies, the experimental data fitted to the Langmuir isotherm
model. Maximum Cr(III) adsorption capacity was 40 mg/g,
value slightly higher than that of 35 mg/g of Cr(VI). Cr(III)
adsorption was an endothermic and spontaneous pro-
cess. The external mass transfer of Cr(Ill) on synthesized
nanoparticles was the important and controlling step in the
adsorption process. The elution step was not considered in
this manuscript.

The efficiency, selectivity, and the role of surface groups
of hydroxyapatite in Cr(IIl) removal as single species, or
in the presence of Ni(II) and Pb(Il), had been investigated
[22]. Different mechanisms of metal uptake were active
depending on the nature of the metal species and pH value
of solutions: surface complexation, precipitation, ion-
exchange, or dissolution—precipitation. Eluant was nitric
acid, with an efficiency of 65%.
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Porous biochars obtained from coniferous woods (CB)
and magnetic biochars (MB) based on them were used to
remove Cr(Ill) from aqueous solutions, which presented
metal concentrations in the 260-650 mg/L range [23].
Results derived from this investigation showed that near
quantitative Cr(III) adsorption occurred using both CB and
MB adsorbents, this was explained to the presence of OH
groups, on the surface of the biochars, which promoted
the metal adsorption. This work did not include an elution
investigation.

Biochars derived from the co-gasification of blends of
rice husk plus corn cob (biochar 50CC) and rice husk plus
eucalyptus stumps (biochar 50ES), as potential renewable
low-cost adsorbents for Cr(Ill) recovery from wastewaters
were investigated [24]. The two gasification biochars pre-
sented a weak porous structure (ABET = 63-144 m?/g), but
a strong alkaline character, promoted by a high content of
mineral matter (59.8% w/w of ashes for 50CC biochar and
81.9% w/w for 50ES biochar). High Cr(IIl) removal per-
centages (around 100%) were obtained for both biochars,
due to chromium precipitation, at low L/S ratios (100 and
200 mL/g), for initial pH of 5 and initial chromium(III)
concentration of 50 mg/L (Fig. 2). Under the experimental
conditions in which other removal mechanisms rather than
precipitation occurred, that is, at more acidic pH values, a
higher removal percentage (50%) and the highest uptake
capacity (6.9 mg/g) were yielded for 50CC biochar. In the
equilibrium, 50ES biochar presented a removal percent-
age of 27% with a maximum uptake capacity of 2.6 mg/g
The better performance on Cr(IIl) recovery for the biochar
50CC was attributed to its better textural properties, as well
as its higher cation exchange capacity. Elution was investi-
gated with alkaline (pH 9-10) solutions.

Bioregeneration experiments for brewery spent diatomite
with the ammonifying bacteria Lysinibacillus fusiformis were
conducted [25]. The resulted product, after 14 d incubation,
was examined for Cr(IIl) (and methylene blue) removal
from aqueous solutions. In the case of Cr(III), this removal
reached 72% which is higher than the value obtained with
the thermal regeneration method. It was confirmed, that
physical adsorption, related to the porous structure of
diatomite, was responsible for Cr(III) adsorption. In addi-
tion, chemical adsorption associated with the ion exchange
process might be an important sorption mechanism of
Cr(Ill). The recovery of Cr(Ill) from the metal-loaded
adsorbent was not considered in the work.

Chromium and nickel(Il) adsorption on Durvillaea
antarctica surface were investigated under various experi-
mental variables [26]. In the case of Cr(III), best adsorption
results were obtained at a pH value of 5, with contact times
of 7 h, and maximum adsorption capacity of 103 mg/g.
It was suggested that the interaction of Cr(IIl) with the
surface and the changes in the chemical behavior of the
solid were responsible for metal uptake. Equilibrium
data fitted well to the Sips model, which simultaneously
involved the Freundlich and Langmuir isotherms:
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Fig. 2. Influence of the L/S variation and the pH of the solution
on the Cr(IIl) recovery of the biochar 50CC. Cr(Il): 50 mg/L
and time: 24 h.

In the above equation, [Cr] , and [Cr] , were the chro-
mium concentrations in the adsorbent and in the aqueous
solutions at the equilibrium, respectively, K, was the equi-
librium Sips constant, and m_ was the heterogeneity factor,
a value of m_near or equal to 1 occurred in biosorbents with
homogeneous active sites; if the values were close to zero,
the adsorbent had heterogeneous active sites. In binary
solutions, Ni(II) was adsorbed in preference to Cr(III).
Elution investigations were not included in the work.

Silica extracted from rice husk (SRH) was synthesized
through calcination at 650°C in an oxidant atmosphere,
yielding mesoporous silica (BET area of 297 m?/g) with an
average pore diameter of 2.3 nm. The surface of this silica
was modified through a post-synthesis route with amine
and polyamine groups obtained at 16% and 47% of modi-
fied surface with amine or polyamine groups (SRH-NH, and
SRH-triamine). These materials were used to adsorb Cr(III)
from aqueous solutions [27]. With all of them, equilibrium
was reached after 20 min of reaction, with adsorption capac-
ities of 6.7 mg/g (SRH), 22 mg/g (SRH-NH,), and 34 mg/g
(SRH-triamine). SRH and SRH-amine materials were used
to adsorb Cr(Ill) from a sample taken from a tannery waste
effluent from the city of Leon (Mexico), with adsorptions of
70% and 90%, respectively.

Hybrid phosphonate-functionalized silica adsorbents
were synthesized through a modified route of sol-gel pro-
cessing (SPMF), and used in the removal of Cr(III) from solu-
tions [28]. At equilibrium (80 min reaction time), maximum
uptake was of 79 mg/g at pH 3.6 on adsorbent SPMF, and the
equilibrium data fitted with Langmuir isotherm (maximum
Cr(III) adsorption capacity of 34 mg/g at pH 3), whereas kinet-
ics experiments fitted to the pseudo-second-order model.
At pH value around 3.6, the selectivity order with SPMF04
(containing 2.9 mmol P/g) was Zn > Cr > Pb > Cu > Cd > Ni.
Apparently, chromium(Ill) interacted not only with phos-
phonate surface groups but also with a large of amount of
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geminal OH surface groups. The desorption step investiga-
tion was not included in the manuscript.

C-4-hydroxy-3-methoxyphenylcalix[4]resorcinarene
were synthesized and it was used to adsorb Cr(III) (also
Cu(Il) and Pb(II)) [29]. The optimum pH value for Cr(III)
adsorption was 4.5, and the adsorption followed the next
order: Pb(Il) > Cu(Il) > Cr(Ill). The competitive adsorp-
tion of these heavy metal ions was also investigated. The
manuscript did not include the elution step.

Taking into account the proven efficiency of multifunc-
tional TiO,/Alg/FeNPs magnetic beads for the removal of
organic pollutants, this adsorbent was used the removal
of mixed heavy metals (MHM), specifically Cr(III), Cu(Il),
and Pb(Il), under ultraviolet irradiation at a wavelength of
254 nm [30]. From a solution containing 44 mg/L of each
of the above elements, the removal of all of these from the
aqueous solution was almost complete (>98%) after 72 min of
irradiation at pH 6.8. The active sites of the beads presented
a great stability.

Polymer/Fe,O, composite was synthesized via radical
polymerization. Acrylamide was used as monomer and
copolymerized with 1,3,5-triacryloylhexahydro-1,3,5-triazine
in the presence of the iron oxide particles. The as-obtained
polymer was hydrolyzed by N,N,N’,N'-tetramethylethylen-
ediamine to increase ionized groups amount; after drying,
the powdered composite was used for the removal of Cr*,
Pb*, and Cd* [31]. Also, the synthesized composite was
trapped in a cellulose acetate membrane filter. The effect of
shaking speed had little influence on Cr(IIl) adsorption, 98%
(50 1/min) against >99% (100 1/min) Cr(III) removal occurred
in 3-5 s by using a syringe filter system, with a yield of 96%
in the case of the Cr(III)-bearing aqueous solution of pH 6.
Elution step used 1 M NaOH as eluent solution.

Cobalt—ferrite nano-composite (CFNC) was used to
adsorb chromium(III) and cadmium(II) from synthetic waste-
water [32]. The results showed that the maximum recovery
of and Cr(III) (also Cd(II)) were determined as 20 mg/L (CO),
50 min (reaction time), 25°C (temperature), 20 g/L (adsor-
bent dosage), and pH 7 (pH 6 in the case of cadmium(II)).
The adsorption process followed the Langmuir isotherm,
and the maximum adsorption capacity for Cr(Ill) was
217 mg/g (303 mg/g for Cd(II)). The experimental data fit-
ted to the pseudo-first-order kinetic model, in a spontaneous
and endothermic process.

Biogenic magnetite nanoparticles (BMNs), produced
by metal-reducing bacteria, were used in the removal of
Cr(III) from solutions [33]. The BMNs that were coated with
organic matter were more effective than chemically synthe-
sized magnetite nanoparticles in the adsorption of Cr(III)
with electrostatic interactions (82% against 13%, after 2
weeks of reaction time) and in preventing Fe(II) oxidation
within the magnetite structure.

Copper(Il) oxide (CuO) with dendrite, leaf, and feather
morphologies were synthesized and used as adsorbents of
Cr(II) [34]. The results demonstrate that CuO feather, at
24 h contact time and 0.1 g adsorbent, and with an adsorp-
tion efficiency of 57% had the highest efficiency if compared
with the other CuO morphologies. The elution step was not
considered here.

It was reported [35], the uses of industrial waste/by-
products-based composites as adsorbents for the removal

of heavy metals from wastewater. Detailed investigations
onto the adsorption mechanism and the role of the different
adsorption parameters had also been discussed, however,
there was not included any information about the elution
step.

A pseudo-surface imprinting technique was applied
on carboxylated macadamia activated carbon (MAC) by
grafting MAC with triethylenetetramine, N,N'-diisopro-
pylcarbodiimide and CrCl-6H,O (template ion) to produce
MAC-pseudo-ion imprinted adsorbents (MAC-PIIA) [36].
MAC-pseudo-non-imprinted adsorbent (MAC-PNIA) coun-
terparts were prepared by the same procedure, but Cr*" was
excluded in the synthesis. The adsorption performance,
over Cr(III), of the MAC-PIIA under pH 5, contact time of
120 min, and 3.3 g/L adsorbent dosage was 80% (70 mg/g
adsorption capacity). Application of the MAC-PIIA or MAC-
PNIA on spiked acid mine drainage artificial sample led
to a decrease the removal efficiency (72% and 56%, respec-
tively). Freundlich isotherm fitted the experimental data.
There were not desorption data included in the work.

An adsorbent was prepared by laccase-catalyzed self-
polymerization of GAL and cross-linking with PEI [37].
When the mass ratio of GAL and PEI was 2:1, the self-
polymerization temperature, pH and time are 50°C, 4.5, and
24 h, respectively, and the cross-linking temperature, pH
and time are 70°C, 8-9, and 24 h, respectively. GAL-PEI had
a Cr(III) adsorption capacity of 175 mg/g, being the adsorp-
tion order: Cu(Il) > Cr(IIT) > Pb(II) = Zn(II) > Cd(II) > Fe(III)
(Table 1). The stability experiment showed that PGAL-
PEI has good stability under acidic conditions, but elution
investigations were absent in the work.

Magnetic resin microspheres (MPMDG2) were pre-
pared by suspension polymerization combined with basic
and acidic hydrolysis, and the adsorption property of the
material to heavy metals was investigated [38]. Structural
and morphological analysis revealed that the resin had
a high specific surface area and mesoporous structure.
Adsorption experiments showed that the resin prefera-
bly adsorbed Cr(Ill) (and Pb(II)) over Cu(Il) and Cd(II).
The adsorption process was well described by the pseu-
do-second-order kinetic model, whereas the equilibrium
adsorption data fitted the Langmuir isotherm model. Ton
exchange and chemistry chelating was the most proba-
ble mechanisms for Cr(III) uptake onto the resin. In this
investigation, elution was done using a 0.1 M HCl solution.
With mixed solutions of the three elements and up to six

Table 1
Adsorption capacity of PGAL-PGI

Element Element uptake, mmol/g
Zn(II) 24
Fe(III) 1.6
Cu(II) 5.1
Pb(1I) 2.5
Cr(III) 34
cddrn 21

Initial concentration: 0.2 g/L each, pH: 5, temperature: 25°C, and
time: 18 h.
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cycles, there was a slight but continuous decrease in Cr(III)
adsorption capacity.

A three-dimensional (3D) porous graphene-based hydro-
gel with good mechanical strength and large surface area
was fabricated by self-assembly of graphene oxide (GO)
sheets reduced and modified by gallic acid (GA) through
m—7t interactions [39]. As an adsorbent, this hydrogel (GA-
GH) adsorbed Cr(III), at pH 4, by coordination complexation
between the metal and deprotonated carboxylic groups
of GA modified on graphene sheets. At pH 3, the adsorp-
tion capacity (305 mg/g) of GA-GH adsorbent was greater
than that showed by GH adsorbent (112 mg/g). Cr(Il) was
desorbed at pH 2, and with the two adsorbents, there was
a slight decrease in the adsorption capacity up to 10 cycles.

Corn cob immobilized, onto calcium alginate beads, bio-
mass was used as adsorbent of chromium(III) and (VI) [40].
Cr(IlI) was adsorbed up to 278 mg/g (209 mg/g in the case
of Cr(VI)), following Langmuir isotherm and the pseudo-
second-order kinetic model. The immobilized corn cob
biomass was run up to five repeated adsorption—desorp-
tion cycles and 0.98% and 1.51% adsorption efficiencies
were reduced at the end of 5 adsorption—desorption cycles
of Cr(Ill) and Cr(VI), respectively. NaOH (0.1 M) desorbed
(80%) Cr(IlI) loaded onto the adsorbent (86% of Cr(VI)).
Optimized conditions were employed for chromium
adsorption from a tannery effluent (Kasur, Pakistan) and
after near 7 h, up to 65% Cr(III) (56% Cr(VI)) were removed
from the effluent.

An adsorbent in the form of a CLCh/MWCNT/Fe film
was prepared using multiple walled carbon nanotubes
(MWCNT) doped with magnetic iron oxide and deposited
in crosslinked chitosan (CLCh) [41]. The CLCh/MWCNT/Fe
film presented a maximum adsorption capacity for Cr(III)
of 66 mg/g (150 min) and for Cr(VI) of 449 mg/g (60 min)
at 25°C. The CLCh/MWCNT/Fe was removed from the
aqueous solution by a mechanical separation or by mag-
netization due to its magnetic properties. Elution was per-
formed using 0.1 M NaOH solution. After 10 consecutive
adsorption—desorption cycles, the CLCh/MWCNT/Fe film
presented efficiency losses from 26 to 14 mg/g.

Amine-terminated hyperbranched PAMAM (polyam-
idoamine) polymer (AT-HBP) was synthesized as a mul-
tifunctional chelating agent to remove Cr(III) (and Cu(II))
from simulated wastewater solutions [42]. The removal pro-
cess was carried out in two different methods, centrifuged
process, and ultrafiltration. The overall results indicated
that removal percentages higher than 98% for Cr(III) (86%
for Cu(Il)) were achieved for initial metal concentrations
of 100 mg/L, and using both removal process methods.
Furthermore, the function of the second generation of poly-
propylenimine (PPI) was compared to AT-HBP, the results
revealed that the removal of Cr(III) (and Cu(Il)) by AT-HBP
were approximately 20% and 10% higher compared to PPI,
respectively. The performance of the polymer was not sig-
nificantly influenced by the presence of NaCl in the aque-
ous solution. The manuscript did not present desorption
results.

Polystyrene-poly(N-isopropylmethacrylamide-acrylic acid)
[PSt@p(NIPMAM-Aac] core/shell gel particles were pre-
pared by two-step precipitation polymerization method and
used as an adsorbent for removal of heavy metal ions such

as Cr(IIl) (also Pb(II), Cu(ll), and Cd(II)) (IIl) from aqueous
medium [43]. The adsorption capacity of gel particles for
Cr(IIl) was found as 435 mg/g, with equilibrium data fitted
to the Langmuir model. Kinetic study showed the adsorption
process followed pseudo-second-order equation. Elution
was investigated with 0.5 M HCl solutions, after three cycles,
there was a slight decrease in the adsorption capacity.

Cotton fiber functionalized with tetraethylenepentam-
ine and chitosan (CTPC) was prepared and used as absor-
bents for the removal of Cr(Ill), Cu(Il), and Pb(Il) from
aqueous solution [44]. Experimental results showed that
the maximum adsorption capacity was 73 mg/g for Cr(III),
based on the Langmuir isotherm model at optimal pH of 5.
Adsorption kinetics of CTPC fibers for Cr(III) ions fitted the
pseudo-second-order model. The presence of Mg* in the
aqueous solution slightly reduced the adsorption capacity.
The manuscript did not include elution data.

Clays are cost-effective, high abundance, and most
importantly, and they have high sorption capacities, thus, an
Iranian clay was used to remove Cr(IIl) from aqueous solu-
tions [45]. The maximum adsorption capacity was obtained
at pH 4 and at initial concentration of the metal of 140 mg/L.
Langmuir isotherm was the best fit for the equilibrium
data., and the pseudo-first-order kinetic model described
the dynamic data, which resulted to be an exothermic and
spontaneous process. A comparison done among Cr(III)
adsorption processes by natural adsorbents showed that
this adsorbent provides the highest adsorption capacity.
Data about the elution step were not included in the work.

The adsorption process of Cr(Ill) (also Cd(II), Cu(l),
Hg(II), Pb(Il), and Zn(II)) onto the methacrylate monomer
derived of vanillin (VMA), using the density functional
theory, was investigated [46]. By means of the molecu-
lar electrostatic potential and frontier molecular orbital
(FMOs), the best region for adsorption was found, thus,
each element was placed close to the nitrogen and oxygen
atoms of the imine and carboxyl groups of vanillin mono-
mer, respectively. The bond of the metal ions with the nitro-
gen atom was shown to be stronger than with oxygen atoms,
because the charge density of the nitrogen was increased in
the formation of the Schiff base with the proximity of the
aromatic ring. Adsorption of Cr(III) (also Cu(Il), and Pb(II)
was best because of the high energy values involved in the
process. Moreover, it was determined that the interaction
between vanillin monomer and these metallic elements was
covalent partial. The elution step was not considered here.

Tannins are renewable materials, coming from mul-
tiple vegetable sources. A variety of biosorbents had been
developed from tannins, including tannin resins, rigid
foams, composites with mesoporous silica, cellulose, colla-
gen, and magnetic adsorbents [47]. These materials showed
an excellent ability to uptake heavy metal cations, that is,
Cr(III), Cd(II), Cu(Il), Pb(Il), and Ni(Il), due to the chelat-
ing ability provided by the plentiful adjacent hydroxyl
groups. Desorption investigations were not included in
the manuscript.

The silylant agent 3-aminopropyl trimethoxysilane
(APTES) was anchored on expanded glass aggregate (GA)
to prepare an adsorbent. N-Benzoyl-N'-(4-methylphenyl)
thiourea (TTU) bonded to amino-functionalized GA adsor-
bent with reflux. Developed adsorbent (GA-APTES-TTU)
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was used for the removal of Cr(Ill) from aqueous solu-
tions [48]. The increase of the aqueous pH increased Cr(III)
adsorption (Table 2), but this uptake was not solely due to
the adsorption of Cr*, since as the authors literary said “the
higher adsorption of Cr(Ill) from solutions of pH higher
than 4 is mainly due to precipitation of Cr(OH), onto the
adsorbent surface”. The adsorption followed the Langmuir
isotherm model, with a maximum capacity of 22 mg/g.
Thermodynamic data showed that Cr(IlI) adsorption was
spontaneous, endothermic, and a physisorption reaction;
the experimental data fitted to the pseudo-second order
model. Elution investigations were not contemplated in the
work.

Three dimensional chitinous microcages from ephip-
pial eggs of a microcrustacean, Daphnia longispina (water
flea) by keeping the original shape of its chitinous struc-
ture were prepared and iron-based magnetic particles
were loaded into the chitinous microcages to enhance
its heavy metal adsorption capacity [49]. The adsorbent
was evaluated in the adsorption of Cr(III), Cd(II), Cu(Il),
Ni(II), and Zn(II) from aqueous solutions. Magnetic parti-
cles loaded microcages exhibited a better performance in
removal of Cd(II), Cu(Il), and Ni(II) ions; while unloaded
microcages showed a higher affinity for Cr(III) and Zn(II).
Chitinous microcages showed a Cr(III) adsorption capacity
of 58 mg/g, whereas in the iron-based magnetic particles
loaded chitinous microcages this was of 68 mg/g. Elution
was not considered here.

The adsorption performance of native and magnetic
oxide (Fe,O,) impregnated bentonite clays for the adsorption
of Cr(Ill) from aqueous solutions was investigated [50]. The
results showed that magnetized bentonite with high specific
surface area provides high affinity and fast kinetics for Cr(III)
uptake. Using low Cr(III) concentrations, the adsorption effi-
ciency of the impregnated material was better than the native
form. Maximum adsorption capacity for Cr(IIl) uptake was
estimated as 65 and 67 mg/g for native and impregnated
bentonite, respectively, and followed the Langmuir model,
whereas with the two adsorbents Cr(Ill) adsorption was
physisorption in nature. With both adsorbents, there was an
increase in the percentage of chromium(lll) removal with the
pH, in the range of 2-7, and then remained constant up to pH
10; also in the two cases, the experimental data followed the
pseudo-second-order equation at 10°C and 40°C. There was
not included elution step investigation in the work.

Triamine-functionalized SiO, hollow microspheres
(TAS-HMSs) with shell-in-shell morphology and micro-

Table 2
Effect of pH on adsorption of Cr(IlI)

pH % adsorption®

25
75
80
95
99

N U= W

‘Approximate values. Cr(Ill): 150 mg/L, time: 2 h, temperature: 25°C,
and adsorbent dosage: 0.3 g.

mesoporous walls were used to remove some heavy met-
als as Cr(Ill) (also Pb(II), Cu(ll), and Cd(II)) from aqueous
solution [51]. Adsorption kinetics fitted by both pseudo-
first-order and pseudo-second-order models, with the equi-
librium data fitted to the Langmuir isotherm. Adsorption
increased from pH 2 to 5 and then decreased until pH 7. The
sequence of maximum adsorption under optimal conditions
of pH: 5, adsorbent dosage 5 mg and contact time 120 min)
was: 295 mg/g Pb(Il), 276 mg/g Cu(Il), 252 mg/g Cd(II),
and 193 mg/g Cr(IIl). Experimental data indicated that the
adsorption of all the above elements onto TAS-HMSs was
spontaneous, endothermic, in a physicochemical adsorption
process. 0.2 M HCI solution appeared to be the best eluent
(up to 85% desorption efficiency). After four cycles of con-
tinuous use, there was not a notable change in the amount
of metals uptake.

A biomass-derived hierarchically porous carbon (HPC)
with oxygen- and nitrogen-containing functional groups
had been used to investigate the adsorption equilibrium
and mechanism toward heavy metals Cr(III), Cu(Il), Zn(II),
Pb(II), and Cd(II) [52]. Data obtained from experimentation
indicated that the adsorption of all the above onto HPC fitted
well with the Langmuir isotherm. Experimental data showed
that there was a continuous increment of the adsorption
capacity with the increase (2-6) of the pH of the solution.
At pH 5, maximum Cr(III) uptake was 52 mg/g. The work
did not present desorption data.

A CaO/Fe,0O, nanocomposite was modified by sodium
dodecyl sulfate (SDS) and used for Cr(III) removal from
aqueous solution [53]. The results of equilibrium and kinetic
studies indicate that the adsorption process follows the
Langmuir isotherm and the pseudo-second-order kinetic
model, respectively. The thermodynamic results demon-
strated that the adsorption process was spontaneous and
exothermic. Maximum adsorption occurred at pH 5, with
a maximum capacity of 6 mg/g. The elution step was not
considered in the investigation.

Natural marne clay (NMC) is a material that was used
for the adsorption of heavy metals Cr(III), Co(II), and Ni(II)
from aqueous solutions [54]. The Langmuir isotherm fitted
the equilibrium data, with the maximum adsorption capac-
ities of 77, 48, and 21 mg/g for Cr(IlI), Co(Il), and Ni(IL),
respectively. The thermodynamic data indicated the endo-
thermic nature of the adsorption process of the three metals
onto the adsorbent. The selectivity sequence of the adsorp-
tion was found as Co(II) > Cr(III) > Ni(II) from single and
binary components.

Several adsorbents featuring mercapto or amine-
mercapto groups were used in the removal of several heavy
metals, including Cr(III) [55]. Metals uptake ranged from 84
to 140 mg/g. Using the best adsorbent, adsorption capacities
followed the order Cu(Il) > Pb(II) > Zn(II) > Cr(III) > Cd(II)
>Ni(II), being the adsorption related to both surface complex-
ation and surface precipitation. Using the amine-mercapto
adsorbent, and from ternary elements solutions, Cr(III) was
adsorbed preferably to Cu(II), Zn(II), and Ni(II). The elution
step was not included in the work.

The isothermal adsorption properties of ettringite
toward Cr(III) and Cr(VI) were investigated [56]. The results
showed that the adsorption of Cr(III) onto ettringite at 20°C
agreed with the Langmuirs isotherm, while the adsorption
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of Cr(VI) onto ettringite followed the Freundlich isotherm.
It can be concluded that the adsorption of Cr(Ill) onto
ettringite is mainly by chemical adsorption and that the
adsorption of Cr (VI) onto ettringite is mainly by physical
adsorption. The adsorption of Cr(IIlI) onto ettringite agreed
with the pseudo-second-order kinetic equation. The man-
uscript did not include any information about the elution
step.

A chemically modified magnetic Amberlite XAD-7HP
was synthesized using Fe(Il) and Fe(III) ions (iron oxide
coated Amberlite XAD-7HP) and used for the removal
of Cr(Ill) ions from aqueous solutions [57]. The optimum
adsorption parameters were investigated in a batch system
and evaluated as pH of 6, 60 min of contact time, 10 mg of
adsorbent, and 25°C. It was found that the best kinetic fit
of the adsorption data was the pseudo-second-order model,
while the Langmuir isotherm model was found to be more
appropriate for the description of metal uptake. Ninety
Percent of the adsorbed Cr(Ill) can be removed from the
loaded adsorbent by the use of 0.1 M nitric acid solution.
The adsorption, though with a slight decrease, was over 90%
of its original adsorption value after five cycles. The appli-
cability of the material was tested using real water samples
and the results demonstrated the efficiency of the method.

A series of silica-gel/polyamidoamine (PAMAM) den-
drimer hybrid materials (SG-G0-SG-G4.0) were used for the
removal of Cr(III) from aqueous solution [58]. The sequence
G0-G4.0 was characterized by a decrease of the surface area
(GO the greater one). Experimental results demonstrated
that the adsorption capacity of ester-terminated silica-gel/
PAMAM dendrimers followed the sequence of SG-G2.5 >
SG-G3.5 > SG-G1.5 > SG-GO0.5, while that of amino-termi-
nated materials decreased in the order of SG-G2.0 > SG-G
4.0 > SG-G3.0 > SG-G1.0 > SG-GO. The highest adsorption
results were achieved at pH 4 for both ester- and amino-
terminated materials, and that the adsorption equilibrium
can be reached at about 240 and 180 min for amino- and
ester-terminated hybrids, respectively. Adsorption kinetic
can be well fitted by pseudo-second-order kinetic model
with film diffusion process as the rate-limiting step, and
the adsorption isotherm followed Langmuir model with
monolayer adsorption behavior. The adsorption of Cr(III)
by PAMAM dendrimer mainly involved the participation
of N-H and C=O groups. The uptake of Cr(IIl) onto the
ester-terminated adsorbents involved carbonyl oxygen and
secondary amine nitrogen atoms to form tetra-coordinated
chelates, while that of amino-terminated one tended to form
hexa-coordinated chelates by carbonyl oxygen, primary,

Table 3
Comparison of SG derivatives with other Cr(IIl) adsorbents

and secondary amine nitrogen atoms. The increase of the
aqueous ionic strength decreased the adsorption capacity,
and the elution step was investigated using 4 M HCI as
eluent. Table 3 compares the performance of some of these
derivatives with other Cr(III) adsorbents.

The biosorption of Cr(Ill) and Cr(VI), from aqueous
solutions, on dry Spirulina platensis biomass was investigated
under laboratory conditions as a function of pH, initial metal
ion concentration, biomass dosage, time and temperature
[59]. Optimum adsorption pH values for Cr(Ill) and Cr(VI)
were estimated as 3 and 2, respectively. The Langmuir
adsorption isotherm model fit well the sorption equilib-
rium of the experimental data obtained for Cr(Ill), while
Freundlich isotherm fit better data obtained for the (VI)
oxidation state. The kinetic data were best described using
the pseudo-second-order kinetic model, and the adsorption
process was exothermic in nature. The manuscript did not
include the desorption step study.

Carbon microspheres were synthesized under nitrogen
flow from walnut shells (WS) and then used as an adsor-
bent for the removal of Cr(III), Pb(II), Cu(II), and Cd(I) [60].
These materials presented the highest adsorption capac-
ity at pH of 5, which in the case of Cr(III) was 345 mg/g.
The results were explained to that Cr(III) had stronger
binding ability to the OH and/or COOH functional groups
followed by Pb, Cu, and Cd. The elution step was not
considered here.

N-[4-morpholinecarboximidamidoyl]carboximid-
amidoylmethylated polyphenylene sulfide (MCMPPS)
was synthesized by grafting moroxydine on cholomethyl-
ated polyphenylene sulfide (CMPPS) resin for the removal
of some heavy metals, including Cr(IIl), from water [61].
The resin MCMPPS exhibited excellent chemical stability
under strong acid, basic, and oxidative conditions. In the case
of Cr(IlI), the maximum adsorption capacity of the adsor-
bent was found to be 120 mg/g Cr(III), with the equilibrium
reached about at 30 min. It was suggested that Cr(III) (and
the other metals investigated in the work) were adsorbed
onto the surface of the adsorbent by coordination reaction
of the element with amino and imino groups. Information
about the elution step was not included in the work.

Four common waste keratin biofibers (human hair,
dog hair, chicken feathers, and degreased wool) had been
used as biosorbents for the removal Cr(IlI) and others
heavy metals from aqueous solutions [62]. Using multiele-
mental solutions of eight metals: Cr(IlI), Mn(II), Co(II),
Ni(II), Cu(Il), Zn(II), Cd(II), and Pb(II), the total metal bio-
sorption increased in the order: degreased wool > chicken

Adsorbent Cr(IIl) uptake, mg/g Reference
SG-G2.0 98 58
SG-G2.5 102 58
Sawdust 325 6

Pomelo fruit peel 11 18
[PSt@p(NIPMAM-Aac] 435 43
modified CaO/Fe,O, nanocomposite 6 53
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feathers > human hair > dog hair. The pseudo-second-order
equation fitted well to the experimental results, and there
were not results about the elution step.

A modified attapulgite had been developed [63]. The
procedure was based on the modification of attapulgite with
humic acid, the material was used for the removal of Cr(III)
under different conditions (pH, contact time, temperature,
metal concentration, and adsorbent dosage). Experimental
data showed Cr(Ill) adsorption on modified attapulgite was
better than that of natural attapulgite, with the temperature
markedly influenced the metal adsorption, which resulted to
be an exothermic and spontaneous process. The Langmuir
isotherm was used to describe these experimental data,
which fitted to the pseudo-first-order and pseudo-second-
order equations. The elution step was not considered in the
work.

Biochars derived from wood and water caltrop shell
waste, and a third biochar consisted in the blend of the above
two, were used for the adsorption of Cr(Ill) and Cu(Il) in
solutions [64]. Whereas from monoelemental and binary
solutions, and in the pH range 2—4, Cr(III) uptake was greater
than that of Cu(Il), in the case of binary solutions, blended
biochars (1+1 mixture) showed a greater Cu(II) uptake. Each
biochar adsorption equilibrium data fitted well with the
Freundlich model. The effectiveness of the adsorption of
Cr(III) and Cu(Il) solutions utilizing biochar is proven to be
effective in continuous adsorption columns.

Three different types of feedstocks and their biochars
were used to remove Cr(IIl), Cd(II), Cu(Il), and Pb(Il) from
multielemental solutions [65]. The results showed that the
adsorption capacity is dependent on the type of feedstock
and on the pyrolysis conditions. The adsorption capacity
of the various biomasses followed the sequence: FO (from
sewage sludge) >> LO > ZO (both from agriculture bio-
mass waste) >> CO (from wood biomass waste), which in

Cr(III) uptake, mg/g
w

co cL Zzo ZL FO FL
Feedstock

Fig. 3. Chromium(Ill) adsorption using various types of feed-
stock. CO: wood, CL: biochar of CO, ZO: may, ZL: biochar of ZO,
FO: sludge, FL: biochar of FO. Aqueous phase: multielemental
(Cr(III), Cu(I), Cd(II), and Pb(II)) solution of pH 4.

the case of Cr(Ill) varies from 0.83 to 5.9 mg/g (Fig. 3). In
the case of wood and agricultural biomasses materials, the
corresponding biochars clearly improved the adsorption
efficiency. Formation of complexes and cation exchange had
been found to be the two main adsorption mechanisms in
these multielemental systems, with cation exchange being
the most significant, though the contribution of the pore
structure of biomass/biochar cannot be neglected.

Zhu et al. [66], as it was shown by the title, indicated the
non-usability of this adsorbent to remove Cr(III) from solu-
tions, at least in the experimental conditions used in the work.

3. Conclusions

This review demonstrated that there was a real interest
in the investigation of how to remove chromium(Ill) from
contaminated solutions, and a number of new adsorbents
(more than 63) were developed, with a great disparity in
Cr(IIl) uptakes (Table 3), though just a small fraction (6%) of
the reviewed manuscript showed their applications on real
wastewaters. Most of these investigations come from China
(24%), followed by Iran (10%), Turkey (8%), Brazil (6%), and
Pakistan (5%), though institutions from other countries were
also represented: Algerie, Colombia, Egypt, Ethyopia, India,
Italy, Korea, Malaysia, Mexico, Morocco, Peru, Portugal,
Russia, Saudi Arabia, South Africa, Spain, Taiwan, Ukranie,
USA, and Vietnam.

However, as it was said in the Abstract and in the
Introduction sections of this work, in many of these inves-
tigations, about 68% which represented a very important
amount, their authors did not take into account, that equally
important to the adsorption step, was the desorption step.
Thus, in all these investigations it can not be known the real
usefulness of the adsorbent(s) considered.

Another point to consider here, and only mentioned in
a couple of works, was the role of the aqueous pH in Cr(III)
adsorption step. It was a common consideration that chromi-
um(III), as many other elements, were present in the aque-
ous solution as cation, that is, Cr*, and the given adsorbent
was developed to adsorb the cation, however, it was regu-
larly considered that many of the adsorption results, that
is, Cr(Ill) removal from the solution, at pH near 4 were due

[Cr¥'lor = 1.90 mM [NO;" op = 5.80 mM
Ccr3? Cr,05(cr)
1.9 — N
0.4 [
|
[ |
|
=} |
g 0.6 ||
- | | |
g cz@@H)j‘
& 0.4 1
0. 2r 1
I
L . dw)w
0.4 | NN . . . . ,
0 2 4 6 8 10 12 14

pPH

Fig. 4. Cr(III) speciation vs. the pH of the aqueous solution.
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to the adsorption process and NOT to the precipitation of
chromium(IIl) species, which evidently it was not a cation—
adsorption process. Thus, it was also a fault of the reviewers
of the manuscripts, which must indicated it in their respec-
tive reviews. As an example, in Fig. 4, this author generated,
via the MEDUSA program [67], a Cr(IIl) — speciation vs. pH
diagram to show the situation; in this case, the non-soluble
Cr(III) species had been represented as Cr,O..

All the above reviewed manuscripts but one lacked the
stirring speed, applied to the system, as a variable to consider
in batch mode investigations, when this variable can have the
same importance that others, that is, the pH of the solution,
the temperature, etc., to achieve the best adsorption results
[68]. The explanation from the above is that, with the cor-
rect stirring speed, the mixing of the adsorbent and the bulk
of the metal-bearing aqueous solution reached a maximum
in effectiveness, and the thickness of the aqueous diffusion
layer reached a minimum which maximizes the adsorption.
The question is then, must we put all this quantitative results
into quarantine? This author can provide examples of the
above.

In conclusion, only one [10], of the reviewed manu-
scripts, finds a final application to their system, in all the
other cases, authors limited their investigation to move
Cr(IIT) from the feed solution to the adsorbent or to the elu-
ate, thus, they translated the contamination problem from
one side to another without considering what to do with the
new Cr(IIl)-bearing material or solution, that is, dumping?,
any kind of further treatment?, etc.

In any case, the use of chromium in the various indus-
tries is far to be finish, and the topic of using adsorbents
for chromium(III) (or (VI)) removal from solutions is far to
end.
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