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Abstract

Current environmental policies aim to reduce theelle of toxic substances in aquatic
ecosystems and to promote the water reuse afteo@ge treatment of wastewater.

Chromium is a hazard element present in efflueftsaoious industries that should be

reduced to achieve the objectives of those polidiésst of the results reported in the
literature concern the use of nanomaterials foorimm sorption dissolved either in

synthetic or mono-elemental spiked solutions. Thesgnt work reviews the results of
research undertaken in the last decade on thecapph of various nanomaterials to

decrease chromium concentrations in contaminatddrgvaMajor factors influencing the

removal efficiency were examined. Because mosthefpublished studies are based on
simple experiments with deionised water and monpotasnination further studies are

suggested focused on effects of natural and aaifahelators, interferences of other trace
elements competing with chromium sorption, redurctibhe sorbent mass per water

volume.
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1. Introduction

Present life style requires the exploitation oftRarresources beyond their sustainability
causing the reduction or depletion of limited reses [1]. Environmental issues started
with the Industrial Revolution, the discharge oflustrial effluents, either inadequately

treated or untreated, into aquatic systems leatddancrease of hazardous inorganic and
organic contaminants in rivers, lakes, estuaries Gastal areas [2]. Because of the non-
degradation character of many contaminants, theytransfer to the food chains with

impact on the ecosystem services and reducing #mnenfood safety [3,4]. Volume of



dumped debris in water systems increased ofterassiny the self-cleaning capacity and
purification of aquatic systems. It is foreseersthdischarges will increase in the future as
population tends to migrate and concentrate inrudraas, as response to modern life and
adversities related to climate changes.

Chromium is among the most toxic trace elemenesasgld to surface waters and ground
waters due to its widespread use in industrial iegfbns, such as leather tanning,
metallurgy, electroplating and refractory [3]. Timereasing number of articles published
about chromium toxicity over the last 10 years if8icates the efforts to illustrate and
remediate the chromium-bearing contamination. Tralements can be removed from
wastewaters by conventional methods, such as chémiecipitation, ion exchange,
membrane filtration, coagulation/flocculation andotrochemical treatment [5]. However,
these methods have low efficiency and produce laajemes of wastes. Alternatives for
the treatment of water contaminated by metals angtisn methods [6]. Sorption
corresponds to the transfer of the sorbate fromlithéd phase to the surface of the
sorbent. Sorption efficiency is influenced by vasofactors, such as pH, temperature,
nature and amount of sorbent, initial metal conegiain, ionic strength, and the presence
of other contaminants [7-9]. Depending on the etitra forces between the sorbent and
the sorbate, this becomes bound by physical (pbkggibion) and/or chemical
(chemisorption) interactions [6]. While in the plogorption the sorbate bonds to the
sorbent surface by weak forces, such as Van detsWgtaractions, which is a reversible
process, the chemisorption is frequently irreveestue to the presence of strong chemical
bonds between the sorbent and the sorbate.

A large variety of sorbents are available to reménsee elements from waters [5],
including nanomaterials with various types of cogéi and chemical functionalizations

[4,10]. Nanomaterials, i.e., materials and strueguwith at least one dimension of 1-100



nm [11], exhibit unique mechanical, optical, magneind chemical properties highly
depended on shape, size, surface characteristicsnaer structure that differ from the
characteristics of particles and macroscopic sadgaof similar composition [12-14].
Sorption mechanisms by a nanomaterial sorbent B® @ function of the sorbent
characteristics and physical-chemical conditionstied solution where the sorbent is
removed. Nanomaterials should satisfy some critezidbe used as sorbents for toxic
elements removal from wastewater [15]: nontoxighhsorption capacities; selectivity to
the low concentration of contaminants; easy remo¥dhe sorbed contaminant from the
surface of the nanomaterial; recycled. Until présanvariety of nanomaterials such as
carbon nanotubes, carbon based material compogjtaphene, nano metal or metal
oxides, and polymeric sorbents fulfil those craesind have been studied in the removal of
toxic trace elements from aqueous solutions [15].

The coupling of sorption ability and magnetic pndigs in certain nanomaterials have also
been explored envisaging a new class of nanos@ljé6t17]. Magnetic nanosorbents
offer the great advantage of allowing fast recoveyyemploying magnetic separation
technologies. A number of nanosorbents comprisirgmatite nanoparticles have been
reported by our laboratories, which include corellshanoparticles for the removal of
heavy metal ions [18] and magnetic bionanocompesfite the removal of organic
pollutants [19]. The successful implementation @gmetic nanosorbents depends, among
other factors, on their efficiency for the seleetiuptake of pollutants, which requires
further developments concerning the type of surtdemistry involved. The intensive use
of nanomaterials may have some environmental asksimpacts on human health [13]. It
iIs hence crucial to evaluation the nanoparticlesicity, which depends on their
aggregation, agglomeration, dispensability, sizgulslity, surface area, surface charge

and surface chemistry [20].



The objective of this review is to serve as a diog-seference by bringing together results
of the most recent research on the applicatiolymth&tic nanomaterials in the treatment of

chromium-contaminated waters.

2. Chromium

2.1. Chemistry

Chromium (atomic number 24) is a steely-grey, tusty hard and brittle metal occurring
in the earth’s crust crystalline solid [21] witloatic weight 51.996 u, melting point 1907
°C and boiling point 2672 °C. Among the variousdaxion states, the most common in the
aquatic environment are the trivalent(lll) and heatant(VI) states, which differ in
physicochemical properties and toxicity. WhereafIZris an essential nutrient in trace
amounts, Cr(VI) is toxic and carcinogenic. Solugilof the compounds varies: Cr(lll)
compounds, such as Cr(QHWhich precipitate at neutral pHriQure 1), are generally
insoluble in water; Cr(VI) is highly soluble in tHall pH range [3]. The ratio between
chromium hexavalent, Cr(VI), and trivalent, Cr(JItrongly depends on the solution pH,
oxidative properties (redox potential) and kinetid3epending on these conditions,
chromium in water can hence change from one oxidastate to another [21]. As
presented inFigure 1, there are two predominant forms of Cr(VI) dependory the
solution pH: HCrQ is predominant at pH between 2.0 and 6.5, whil©.,ris
predominant at pH>6.5. Cr(lll) in aqueous solutmxsts in four main forms, in which
soluble CF* complexes predominate at pH <4.0, and Cr(Ill) jmiéates as Cr(OH)at pH
between 5.5 and 12.5.

Chromium speciation in aquatic systems may be rreatllfy external factors such as solar

radiation, complexation in water, redox gradientwsen bottom water and the upper



sediment layer, and interact with other redox demsielements such as iron and
manganese [22Figure 2 illustrates the transformations and pathway obohium species

in the water column, including the interfaces wanosphere and water-sediment [23].
Direct assessment of Cr speciation in natural watedifficult because determination of
the Cr forms present in solution implies the preaton of species integrity during the
sample storage, pre-treatment, extraction and étermination procedure. Reliability of

the results requires the use of adequate analytieiodologies and speciation analysis.

2.2. Toxicity

Chromium speciation influences uptake by the omgasi and toxicity [24]. Chromium
residues tend to be amplified along the food clfi28n26]. Although Cr(VI) is considered
one hundred times more toxic than Cr(lll) [27], alechromium and its compounds have
been classified to be human carcinogens by thé&utestfor the Regulation of Water and
Solid Waste (IARC). Chromium causes irritation amders in the stomach and small
intestine, damage on kidney and liver, sperm, aaté meproductive system [21]. Also, it
can cause respiratory problems, including irritatad the lining of the nose, runny nose,
and breathing problems such as asthma, cough, ngisertof breath and wheezing.
Chromium can lead to cancer in lung, stomach anekiimal tract.Table 1 gives the
concentration limits of chromium for different usef water, according to criteria of
international organizations such as the AgencyTiaxic Substances & Disease Registry
(ATSDR) and World Health Organization (WHORegarding Cr threshold for drinking
water, although most EU countries apply a legaltlwh 50 pg/L of chromium, limits are
going to be reduced soon to 25 ug/L, according tee@nt recast of the Directive
2001/83/EC, which occurred in 2018. A few years,agesome ltalian cities, chromium

levels were already at the limits of the Directi2801/83/EC on the quality of water



intended for human consumption. This has led ltalgotify the European Commission of
the need to change the parameters of hexavaleminalm in drinking water, as well as to
introduce a limit of 1Qug/L for Cr(V1) in drinking water in the current Lesgative Decree.

Also, Italy announces that detection of chromiumaamtrations above the legal limit will
imply investigations on water source (spring, gibwater, ...). Besides ltaly, there are
other EU countries, such as Greece, concerned &liglutevels of hexavalent chromium

in waters, which frequently exceed the permisdibig for human consumption [28].

2.3. Natural sources and industrial emissions of cbmium

Both, natural processes and anthropogenic emisstoméribute to the presence of
chromium in aquatic systems. , Weathering of roakd soil erosion and leaching by
rainwater are major natural processes favouringiripat of chromium to rivers, lakes,
estuaries, and ocean [29]. Discharges of indussues as electroplating, leather tanning,
stainless steel welding, and ferrochrome and chrpigment production contribute to
chromium concentrations in aquatic environment abdive regional baseline values
[21,30]. Chromium (hexavalent chromium) has a kele rin metal finishing industry
modifying the surface of a product to enhance fipearance and reflectivity, such as
colour or brightness, wear resistance, corrosigistace, electrical resistance, chemical
resistance, hardness, or to produce surface chasiitts essential for subsequent
operations [31]. These processes are appliedesdeimunications, aviation, construction,
jewellery, transport, among other sectors. More 830 galvanizing plants were installed
in European countries affiliated to the Europeannd&sal Galvanizers Association
(Woolley, 2008) being distributed mainly by Germdag0), Italy (90), Spain (72), United
Kingdom (62) and France (60). The release of tentchromium worldwide responsible

for approximately 20% of chromium emissions is teather tanning industry where



putrescible hide or skin is converted into leatAdre permanent stabilization of the skin
matrix against biodegradation is possible usingcbalsromium sulphate [32]. Although
this industry is not critical in Europe, it has gh impact in Asia, Africa, and South
America (Public Partnership for Better Innovationli€les and Instruments in Support of
Eco-Innovation: ECOPOL, 2013). For example, leatterery industry in China is
responsible for 20% of chromium discharges intoewahe average total amount between
1990 and 2009 reaching more than 0.5 thousandoemgear [34].

The European Pollutant Release and Transfer RedlStERTR) estimates the quantities
of 91 contaminants released to air, water and I@uwthsidering the period 2007-2015 this
document reports the annual release of 550 tor@r @b the European watersigure 3
compares the contribution of various industriahatés on the emission of chromium in
2014 and 2015. The sector “Production and procgssirmetals” accounts for more than

60% of the chromium emission into the water.

3. Material and Methodology

Numerous studies have been published on chromiuptieo in aqueous phase using
various materials and in particular synthetic naatamals [9,35-39]. To select the articles
published in the literature with respect to chromigorption by synthetic nanomaterials
search was done in the principal collection of VétScience. The following keywords
were used: (i) chromium; (ii) nanomaterial or naswbigle or nanosorbent; (iii) uptake or
sorption; (iv) removal or remediation or water. Teéearch was confined to the period
2007-2017. Approximately 200 articles were ideatfi although a few of them were
focused on the development of quantification methagies, being less relevant on

chromium sorption by synthetic nanomaterials.



For each selected article, it was extracted thermdtion related to the parameters
considered relevant in sorption [7-9]: name andneabf the sorbent, mass of the sorbent
with respect to the water volume, type of waterdusethe experiment, type of experiment
(single or other contaminants besides chromium), tekhperature, contact time between
the sorbent and the solution, initial concentratbdérchromium, chromium species initially

present in solution, and removal efficiency.

4. Results and Discussion

Table 2 lists the synthetic nanomaterials and the experiaieonditions employed in the
studies of the selected articles from the litematun order to encompass the collected
information in a single Table, intervals of value® presented for the uptake capacity or
removal efficiency of each nanomaterial or groupnahomaterials, as well as for the

relevant parameters aforementioned.

Type of materials. Among the various materials used for chromiumaeah nanoparticles
have been the most common, either using just thee c@noparticles [9,40-46],
nanoparticles with functionalization [35,47—-49], modified nanoparticles incorporated
on substrates [36,50]. Other type of materials hasen used, such as nanocomposites
[37,51,52], nanofibers [38] and carbon nanotubél. [B present review, nanomaterials
like zero-valent iorn nanoparticels (nZVI) were fi@tind. In the first step towards the use
of this material the toxic Cr(VI) is reduced to tless hazardous Cr(lll), which is then

removed by sorption to the nZVI surface and préaffmn by iron-hydroxides [53,54].

I nteractions with other e ements. Most of the studies mentioned Trable 2 describe the

chromium sorption experiments using mono-elemestdtems, Cr being the only



contaminant to be treated. Only a few studies desteth mono-elemental and multi-
elemental systems. Distilled or milli-Q water haveen considered. Absence of
competitive ions or other contaminants are simiplegpproaches to the complex conditions
existing in aquatic systems or contaminated wat@re lack of chromium sorption

experiments using multi-elemental systems, wherg& not the only contaminant to be

treated, is a weakness in this kind of research.

Type of solutions. Only a few studies addressed the treatment dfacunated waters as
real samples, such as groundwater, effluents otewaser [41,46,48,55,56]. Chen et al.
[57] have simulated natural waters by testing sohst of different complexity, deionized
distilled water, tap water, mountain stream watet aver water. Although the absence of
competitive ions or other contaminants be the noashmon approach in this kind of
research, the study of nanomaterials behaviouraiural waters is crucial before the
material be implemented in the market. Real watakge varied and complex composition;
thus, some researchers try to simulate the rethlibugh the dissolution of salts that put in

the waters the ions found in natural systems.

Temperature. Most of the removal experiments have been testddmperature between
20 and 25°C, presumably to be more practical athdceeassociated costs with cooling and
heating. Other studies were performed approximate80°C [39,48,49,51,58-63], at 35°C
[37], and even at 40°C [64,65] most likely ajusttogthe natural conditions existing in
warmer countries. Apart from the cases described[$9,39,66,67], efficiency of

chromium sorption increases with temperature.



Contact time. In general, contact time between the nanomatandlthe contaminant were
less than 2 days, although data exist for 3 dayk Jodays [68] and 15 days [56]. Removal
experiments for industrial application should befgened during a contact period
between the nanomaterial and the contaminant less 48 hours to be feasible for the
industry. This is because very long sorption preessmply the existence of industrial
tanks that are inactive for a long time. On theeothand, treated effluents must be
discharged quickly without endangering the lifeagjuatic organisms that are exposed to

these effluents.

pH. Removal of Cr(VI) was tested at pH from 2 to 33@42-44,66,69], although some
authors have been studied the removal at morestgadi interval, 5-8 [40,70], which is the
pH found in actual industrial effluent. Values gftional pH in the removal of Cr(lll) were

between 5 and 7 [9,38,42,48,51,71].

Amount of sorbent. It is well documented that, for the same Cr conegion, the rate of
sorption increases with the amount of sorbent. H@wnethe larger amount of material
used should be avoided because it will generatatgremounts of residues to be treated
increasing the cost of process. Several works tested low doses of sorbent per volume
of solution, such as Bisht et al. [72], Paul et[&8], Kaprara et al. [40], Debnath et al.
[45], Tahergorabi et al. [47], Khan et al. [43]r&ionidis et al. [70], Guo et al. [73], Mao
et al. [60], Moradi and Baniamerian [74], Srivastaat al. [37], Mohamed et al. [67] and
Babaei et al. [36]. In particular Bisht et al. [A&ed 5, 10, 15, 20, 25 and 30 mg/L of
EDTA-FeO, nanoparticles, Paul et al. [58] used 10 mg/L ad bg/L of TiG
nanoparticles and Kaprara et al. [40] used 25 nof/&n(ll) oxy-hydroxides nanoparticles

for Cr(VI) removal.

10



Chromium concentrations. For the removal experiments, a wide range of roiuim
concentrations has been reported in the literattyeen 10 pg/L [40] and 11 000 000
Hg/L [75]. The maximum allowed concentration ofatathromium in residual waters is 2
000 pg/L, meaning the studies that used higherasdrations are unrealistic. In this way,
some studies [9,40,78,43,50,52,68-70,76,77] runir thexperiments with lower
concentrations, taking into consideration the adldviimits of chromium in water. Among
these, Chowdhury and Yanful [76], Simeonidis ef&D] and Gifford et al. [68] were the
only ones that studied concentration equal or <230Q. and Kaprara et al. [40] studied

the removal of 10 pg/L of chromium using Sn(ll) exydroxides nanoparticles.

Chromium speciation. Cr(VI) have been the most investigated specigboafjh some
researchers have run experiments with Cr(lll) fof8&47,48,51,71]. Others studies used
with both Cr(lll) and Cr(VI) [9,42,69,77,78]. Onlg few studies mention the analytical
methodologies to discriminate the quantificationCotlll) and Cr(VI) during the removal
process. Most of the methodologies referred inwloeks of Table 2 are only able to
measure total Cr and so most of the values repddediptake capacity or removal
efficiency are based on the initial and final cartcations regardless the starting chromium
species. Using the materials mentioned'able 2 both Cr species are removed through
sorption mechanisms. However, the mechanisms ofovamcrucially depend on Cr
speciation. According to Debnath et al. [45], C)(Mins sorb to Cak®, NPs through
electrostatic interactions. Rajabathar et al. [F9@gest that the sorption mechanism of
Cr(VI) is purely an electrostatic interaction. Lathet al. [69], Cantu et al. [77], Bisht et al.
[72], Srivastava et al. [37], Valle et al. [9] adahmoud et al. [42] propose that

mechanisms for the binding of chromium(VI) is mgirphysisorption. Despite those

11



studies suggesting physical interaction betweeWNICgnd sorbents, not all authors agree
on the nature of the interaction during the sorptmocess. The presence of chemical
bonds is suggested as a secondary mechanism [B@lgh Babaei et al. [36] suggest that
sorption is governed by chemical forces rather tphgsical electrostatic interactions.

Even so, the removal of Cr(VI) is undoubtedly apsion process. Regarding the reaction
of Cr(Ill) with the different materials, the bindjns through an ion or molecular exchange
mechanism combined with some kind of physisorpfie®,77]. Egodawatte et al [38]

proposed that the binding mechanism between thefib@ns and Cr(lll) involves the

sorption of a positive complex on the surface efaterials. Arthy et al. [51] suggested a
chemisorption mechanism. When no sorption mechamsproposed in the articles, the

interaction between Cr(lll) and the materials isat#ed as sorption process [48,71].

Best material performance. Lastly, magnetic iron oxide nanoparticles/sugaechagasse

composite [51] and Cr(VI)-imprinted poly(HEMAH) naparticles [75] were the materials
reported in the literature in the last years aadpéiie ones with the most affinity for Cr(lll)

and Cr(VI) uptake, achieving a capacity of appradety 518 mg/g and 3 830 mg/g,
respectively. However, maximum uptake capacity iacky parameter for the evaluation
of a material efficiency. This parameter dependstlon experimental conditions used,
namely initial metal concentration and amount ofigraaterial used. Thus, the sorption
performance of a material can not be assessed fmsidsying only the sorption capacity

value achieved.

Application of synthetic nanomaterials in real industrial effluents. The use of

nanomaterials at technological level is still a bjgestion to be solved. The materials

12



presented inTable 2 are far from being implemented in the market, watimaximum
Technology Readiness Level (TRL) for industrial aodioeconomical aspect of 3.
Then, the published works are just a probe of goncghowing that there was a poor
attempt to apply the nanomaterials to real samguhelsdescribing mainly its application in
synthetic or mono-elemental spiked solutions. Is ttontext, further laboratory removal
essays are still required, never forgetting thaséhconditions must be realistic and adapted
to the application. And after all laboratory teats optimized using realistic experimental
conditions, it is necessary to test the materiakeal effluents because the behaviour of a
material may be very good in a synthetic contanedhatater, but the same could not occur
in the real system. For example, different indasteffluents have different composition
and it is not possible to mimic all the real scevar
There are no reported successful case of applicatmreal effluents since the few studies
that evaluated the potential of nanomaterials @ redustrial effluents, either adding
chromium to the samples of water or using a highowamh of sorbent (economically
unviable) and even performing the sorption expenit:ien very low volumes of water.
However, some important considerations to apply amomaterial in real industrial
effluents are the following:

* The treatment systems usually used are in batch.

« The effluents can need some kind of pre-treatment.

* Nanomaterials can be on-single use or a mixtuneaobmaterials can be used. In

the last case, it is necessary to address in whigshthe recovery process will be
carried out; the ideal situation is the recoverychfomium in a way it can be

further reused without any treatment — circulamecoy.
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* The application of nanomaterials in industrial atns with large contents of
particulate matter or high chemical oxygen demaB®@) content may not be

successful.

Toxicity of remediated water. Along with the development of new removal proess®
remediate water, dedicated research regarding@maintal risks is still lacking. Up to
now several studies have described technical ptiepeand applications of nanomaterials
for Cr removal from waterTable 2), but scarce information is available concerningjrt
impacts towards aquatic organisms, in particular, imformation is available on the
potential toxicity of the Cr remediated water. ¢t important to test the ecotoxicity of
treated water since recent works (not yet publistieedbe shown that remediated waters
can remain toxic for the aquatic organisms. Itlso aneeded to access the environmental
risk of the nanomaterials itself because of nobikta of some nanomaterials such as
silver and gold nanoparticles, which can have ihpacaquatic ecosystems due to toxicity

of remaining material.

5. Conclusions and Perspectives

This review summarizes the information publishethm literature between 2007 and 2017
on the influence of various factors on sorptioncbfomium by nanomaterials. Although

some studies dealt with Cr (VI) or Cr(lll), changaefsoxidation status were not tested
during the sorption process since the analyticahouology used is for determination of

total chromium. Articles evidence the high adsampticapacity of nanomaterials for

chromium species, though most studies have beersdédcon mono-Cr spiked solution of

Milli-Q water. Despite the effectiveness in deciegschromium concentrations at simple
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laboratory experiments, the viability and succelssamomaterials as sorbents depends on
crucial factors that need further evaluation. THecot of natural and artificial chelators,
commonly present in contaminated waters is a keg &1 approach realistic conditions.
The effect of interferences of other trace elemeampeting with chromium sorption
should be studied. In order to minimize wastes tiftanately might result in the discharge
of nanoparticles to the environment, a reductiothefmass of sorbent per water volume is
envisaged. Furthermore, it is important to considefuture studies the potential toxic
impacts derived from Cr remediated water. As addél concluding remarks, in order to
identify the best conditions to test the efficaéyhanosorbents it is crucial to carried out a
first set of experiments varying the amount of sathused, the solution pH, the chromium
concentration and to monitor the concentration lebmium in solution with time. With
these experiments it would be possible to evaluage influence of the different
experimental parameters on the sorption processeder, to optimize the performance
of a specific nanomaterial in a determined matnx &xpedite the study of the sorption
process, a statistical tool designated by respeustace methodology (RSM) can be
applied. This tool has already been used in previstudies to remove contaminants,
including chromium [80], using nanomaterials. AIS®M allows not only to study the
impact of the experimental parameters on the désesponse (in this case, removal of
chromium), but also to determine the best condstimnobtain the best performance of the
material. This review allowed identifying the madimitations of chromium sorption

process using synthetic nanomaterials, based ondhes published until the date.
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Figure captions
Figure 1. Eh-pH diagram of Cr-O-H system, in agueous medi258C and 1 baj3].

Figure 2. Pathways of chromium species in the water, inolydhe interfaces with the

atmosphere and sedimd@8].

Figure 3. Proportion of chromium released to European waiter2015 by industrial

sectors (E-PRTR).
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Table legends

Table 1 - Legislated values regarding water contation with chromium

Table 2 — Nanomaterials for Cr removal with respecthe conditions used as reported in
the literature in the last 10 years (since 2007).
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Table 1

- WEYdn )b Keealezlaliczlilelgl  Concentration
an
Chromium species : (ng/L) in surface water

2017
(glL)
Chromium total 78 50 10

Residual waters Drinking Water

Chromium, trivalent | 351 3000"

Chromium, hexavalen{ 17

i —ATSDR [81]; ii ~-WHO [82]; iii ~-WHO [83]; iv —Frace Guidelines for Metal Finishing Liquid Effluents
[31].
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Table 2

Reference

(40]

[42]

(35]

Nanomaterial

Sn(Il) oxy-hydroxides
NPs (pH synthesis)

Sns04(OH), (pH 2)
Sns04(OH), (pH 4)
SnG, (pH 6)
SnG, (pH 9)
SnOSQ(OH), (pH 2)

SrgO4(OH), /SnO (pH 4)
SrgO4(OH), /SnO (pH 6)
SrgO4(OH), /SnO (pH 9)

Sn(Il) oxy-hydroxides
NPs (pH synthesis)
Nano-ZrO,
Nano zirconium oxide

Nano-ZrO,-glu-CMC
Crosslinking of
nanolayer
carboxymethyl cellulose
(CMC) onto the surface
of nano zirconium oxide
(Nano-ZrQ) using
glutaraldehyde

Pd/Fe;0O, NPs
Magnetite nanopatrticles
functionalized with
palladium

Type of water

Distilled water

Distilled water

pH

6-8

7.0-7.8

1.0-7.0

Temperature
°C)

10-30

20

rt.f

r.t.

Information
not mentioned

Amount of
sorbent
(x10° mg/L)
0.025-0.75

2.5

25

5.0

Contact
time (h)

0.016-48

0.017-1.0

0.50

8.0

Initial element
concentration
(x10° pg/L)
0.010-5.0

0.10

1040-10 400

5200

20

Cr
starting
specie
Cr(VI)

Cr(vl)
cr(ln)

Cr(VI)

cr(i

Cr(VI)

Cr(VI)
Total Cr

Uptake capacity (mg/g) or
removal efficiency (%)

~31 (30 °C, SgD4(OH), pH 2)

19 (pH 7, SgO4(OH)4 pH 2)

187 (500 mg/L, Nano-Zr®
glu-CMC)

73 (500 mg/L, Nano-Zr@
glu-CMC)

11-26 Nano-Zr@
29-44 Nano-Zr@-glu-CMC
4-8 Nano-ZrQ
14-27 Nano-Zr@glu-CMC
(depending on the type of
interfering ion)
~60%
~60%

Type of
system

Mono
elemental

Multi
elemental
Mono
elemental

Multi
elemental

Multi
elemental
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[9]

(37]

(84]

(67]

[79]

K 2Mn40g
Rancieite type material

MNPLB Double
Lagerstroemia speciosa distilled water
bark (LB) embedded
magnetic nanoparticles
MNP/MWCNTSs Ultrapure
Magnetic iron oxide water
nanoparticle-multiwalled
carbon nanotube
composites

PAN-CNT/TiO ,-NH,
Polyacrylonitrile (PAN)
and carbon nanotube
(CNTs)/titanium dioxide
nanoparticles (Tig)
functionalized with
amine groups (Ti®
NH,) composite
nanofibers
Meso-MnO,
Mesoporous manganese
oxide
AgNPs@meso-MnQ
silver nanopatrticles
doped mesoporous
manganese oxide
Ag/Graphene-meso-
MnO,
silver nanopatrticle
graphene deposited
mesoporous manganese
oxide nanocomposite

Milli-Q water

2-6

N o1

1.09-7.02

1.0-9.0

2.0

2-9

4-45

15-40

25-45

r.t. (20)

r.t.

2.5

25

0.1-0.7

0.4-2.0

1.0

0.1-0.8

6.7

0.083-2.0

1.0

0.17-2.0

0-24

0-7

24

0.30-30

0.30

50-500

5.0-50

10

10-300

50

cr(l)
Cr(VI)

cr(in
cr(Vvi)

Cr(VI)

Cr(VvI)

Cr(VI)

Cr(VvI)

Cr(VI)

33% (pH 6)/ 41.8 (45°C) Mono

23% (pH 2) / 4.22 (4°C) elemental
~4-37% Multi
~0-67% elemental

(depending on the type and

concentration of interfering ion)

739.7 (500 x1bpg/L) Mono
elemental

~98% (1000-2000 mg/L) Mono
42.02 (45°C) elemental

~92-95% (depending on the Multi

type of interfering ion) elemental
99.7% (6000 mg/L) Mono
861.11% elemental
~35% Mono
elemental
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(41]

(39]

(52]

(8]

(85]

[72]

(68]

CoFe 0, NPs
Cobalt ferrite
nanoparticles

MIO-MWCNTs
MWCNTs
Multi-walled
carbon nanotubes
MIO NPs
Magnetic iron oxide
nanoparticles
CN-coated AC
Bituminous activated

carbon (AC) coated with
chitosan nanoparticles

(CN)
CN-AC/DC

CN coated on AC by the

dip coating method
CN-AC/WI

CN coated on AC by the
wet impregnation method

n-Al,03

y-alumina nanoparticles

modified with cetyl
trimethyl ammonium
bromide (CTAB)
CuO NPs
Copper(ll) oxide
nanoparticles
IONPs
Magnetic iron oxide
nanoparticles
MIONPs
EDTA-modified
magnetic iron oxide
nanoparticles

Ti-AX

Distilled water

Printing press
wastewater

Deionized
water

Distilled water

Double
distilled water

Synthetic

2-12 25-55
1-12 25-55
2.6-7.3 5-60
5.0 Information

not mentioned

2.0-10.0 30-60
2-10 25-45
2 r.t
8 Information

2-12

10

1.0

1.0

4-24

0.4-5

0.0050-0.030

0.60

0-4.0

0-24

0.25-4.0

0-24

0-1.5

0-3.0

0-18

168

75-150

1637.5

5-100

0.10-100

5-25

10-150

200-1000

0.10

Cr(VI)

Cr(Vvi)

Cr(vi)

Cr(VvI)

Cr(VI)

Cr(VvI)

Cr(VI)

Cr(VI)

98.45 % (55°C, 75 xfQug/L)

16.73 (55°C)

~69%

12.61 (100 x1&pug/L,
MIO-MWCNTS)
80.8% (5 x16ug/L,
MIO-MWCNTS)

77.52 (CN-AC/DC)
61.7% (0.1 x1®pg/L,
CN-AC/DC)

94% (5 x16 pg/L, pH 2.03,
18 340 mg NPs/L)
18.716° (25 x16 pglL)

96.3% (10 x18pg/L)
86.25 (400 mg/L)

99.90% / 499.5 (30 mg/L,
MIONPS)

34.06% / 170.33 (30 mglL,
IONPS)

88%

Mono
elemental

Multi
elemental
Mono
elemental

Mono
elemental

Mono
elemental

Mono
elemental

Mono
elemental

33



(86]

(87]

[47]

(43]

(51]

(36]

Titanium dioxide
nanoparticles
precipitated in anion
exchange resins

Cs-g-PBA/SG
Chitosan-g-
poly(butylacrylate)/
silica gel nanocomposite

Chitosan—Fg0,
nanocomposite strip
Chitosan—magnetite
nanocomposite strip
TF-SCMNPs
Thiol-functionalized
mesoporous silica-coated
magnetite nanoparticles
(FesO4 NPg
Fe-Cu binary oxide
NPS

groundwater

Deionised
water

Distilled water

Milli-Q water

Deionized
water

MIN Magnetic iron
oxide nanoparticles
MIN-TW Magnetic iron
oxide nanoparticles/tea
waste composite
MIN-SB Magnetic iron
oxide
nanoparticles/sugarcane
bagasse composite
MIN Deionized
MIN-TW water
MIN-SB

Double-
distilled water

ST/Mag NPs
Spent tea-supported
magnetite nanoparticles
Synthetic
saline
wastewater

Information

not
mentioned

3-10

2-7

not mentioned

r.t. 10-60
Information lcmx1cm
not mentioned 0.010 L
r.t. (25) 0.080-0.40
r.t. (25) 0.10-2.5
30 0.50-1.25
r.t. (20) 0.10-11.0
20 3.0

1.0-6.0

0.17, 0.30,
0.83,1.2,
15,18,22

0.083-24

1.0

0.083-2.0

0.033-4.0

1.0

62.5-1000

260

1-25

50-300

5-300

10

Cr(VvI)

Cr(VI)

cr(in

Cr(vi)

cr(ln)

cr()

Cr(vI)

Cr(VI)

98% (62.5-125 x1bug/L)
55.71

~15-92.33%

42% (pH 10, 400 mg/L)
1.119

~100% (100 mgl/L,
1 x10° pg/L)
71.43
98.27% (MIN-SB, 1h,
1125 mg/L)
518.134° (MIN-SB, 0.75 h)

~229-243
~228-240
~243-247
(depending on the type of
interfering ion)
~100% (5 x18 ug/L)
30.03

78.3-99.9%
1.09-1.39
(depending on the
concentration of interfering
ions)

elemental

Mono
elemental

Mono
elemental

Mono
elemental

Mono
elemental

Mono
elemental

Multi
elemental

Mono
elemental

Multi
elemental
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(44]

(38]

(45]

[46]

[70]

(88]

(89]

(65]

(58]

Double
distilled water

Fe;0, NPs
Magnetic magnetite
nanoparticles
ESH Electrospun
hematite nanofiber

ESH@MS-60
Electrospun hematite
nanofiber/mesoporous

silica core/shell
ESH@MS-60-NH,
Electrospun hematite

nanofiber/mesoporous
silica functionalized with
amine group
CaFe,0, NPs Ultrapure
Calcium ferrite deionized
nanoparticles water
MnFe,O, NPs Real
Manganese ferrite wastewater
nanoparticles from
galvanotechnic
industry
Fe;0, NPs Distilled water
Magnetite nanoparticles
Natural-like
water
Fe;0, NPs
Magnetite nanopatrticles
CS-CA NPs De-ionized
Chitosan—citric acid water
nanoparticles
CS NPs
Chitosan nanoparticles
CuO NPs De-ionized
Cupric oxide double
nanoparticles distilled water
TiO, NPs Deionized

Titania nanoparticles | (MilliQ) water

2-10

3-6

2-6

1.5-45

2-6

2.0-10.0

2.0-12.0

25-45

25

r.t.

r.t.

20

20

10-75

25-45

20-60

28

1.0-4.0

0.25

0.0625-1.0

0.5-6.0

0.10-1.0

0.10-1.0

0.50-2.0

0.50-5.0

0.25-2.5

0.010-0.50

0-24

2.0

0.033-1.7

0.17-24

0.083-24

0.083-24

0-2.0

0-2.0

0-5.8

0.083-0.75

2-100

5.2-104

30-250

50-250

0.25

0.050-1.0

0-160

10-110

5-50

5-100

Cr(VI)

cr(ln

Cr(1V)

Total Cr

Cr(VI)

Cr(VI)

Cr(VI)

Cr(VvI)

Cr(VI)

Cr(Vvi)

~75% (4000 mg/L) Mono
34.9 (45°C) elemental

343 (pH 5.4, ESH@MS-60- Mono
NH,) elemental

340 (62.5 mg/L) Mono
99% (pH 2 /30 x1dpg/L) | elemental

334.80 (500 mg/L) Multi
71.37% (1500 mg/L) elemental

~2.4 (24 h) Mono
elemental

~100% (pH 6.5, 3 h/ Multi
pH 7.0, 4 h) elemental

4 (pH 5)

~26 (2000 mg/L) Mono
elemental

94.46% (70 x1®pg/L) Mono
38.51 (500 mg/L) elemental

98.8% Mono
50.0 (250 mg/L) elemental

85.85 (20 x1&ug/L) Mono
elemental
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(56]

(48]

(64]

[55]

(90]

(80]

BnM Ultrapure
Biogenic nano-magnetite water

Contaminated

groundwater
PAA@VTES@Fe&O, Ultrapure
NPs water
Magnetite nanoparticles
coated with silane
coupling agent (VTES) Tannery
grafted with polyacrylic effluent
acid (PAA)
Fe;04 NPs Deaerated
Magnetite nanoparticles  deionized
water
Fe;04 nanospheres Double

Mesoporous magnetite distilled water

nanospheres
Groundwater
PPYH-Fe,03 Deionized
Polypyrrole/maghemite water
PANI/y-Fe,03
Polyaniline/maghemite
P(MMA)-g-TG-MNPs Deionized

Poly(methyl water
methacrylate) grafted
Tragacanth gum
modified FeO, magnetic  Ejectroplating
nanoparticles wastewater
Underground
water

12

11.9

2-6

2-10

2-7

2.0-10.0

2.0-7.0

55

55

20

20

20-40

25-45

25-45

25

r.t.

25

0.75 Anoxic

0.66 Anoxic
0.66 Oxic
1.0-6.5

5.0

1.0-5.0

1.0-3.0

2.0

0.2

3.0

0-350

0-200

0-24

4.0

0-3.0

1.0-72

48

0.083-2

0-4.2

Model solution

16.69

170

170

0-120

20

5-100

10

2.5-100

1-30

20

10-10.020

0.100-0.150

Cr(VI)

Cr(Vvi)

cr(ln)

Total Cr

Cr(vi)

Cr(VI)

Cr(VvI)

Cr(VI)

Cr(VI)

Cr(VI)
Cr(VI)
Cr(VI)

Cr(VI)

32 Mono
elemental

24 Multi
7 elemental

92.5% (pH 6, 5000-6500 Mono
mg/L) elemental

80.6 (40°C)

94.0% Multi
elemental

100% (pH 2, 4000 mgl/L, Mono
20 x1G pg/L, 40°C) elemental

80-100% Multi

(depending on the type and elemental
concentration of interfering

anion)
44% (1h, 2000 mg/L) Mono
8.90 (45°C) elemental
65% Multi
elemental

~100% (pH 2, 2.5 mg/L) Mono

208.8 (PPYy-F&Os;, pH 2, elemental
100 mg/L)
~ 50-100% (pH 2) Mono
7.84 (30 mg/L) elemental

91.7-98.4% (without interfering Multi
ions) elemental
89.0-96.2% (10 mg/L)

59.8-97.8% (0.100 mg/L)
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(78]

[77]

(49]

(71]

(59]

[75]

(73]

(50]

(91]

Fe;0, NPs
Magnetite nanoparticles

Mn 3O,
Manganese oxide
nanomaterial

PMMNs
Polyacrylamide modified
iron oxide nanoparticles

Fe;0,4 NPs
Iron oxide magnetic
nanoparticles
NiO NPs
Mesoporous nickel oxide
nanoparticles
Cr(VI)-imprinted
poly(HEMAH) NPs
Chromium(VI)-imprinted
hydroxyethylmethacrylate
(HEMA) polymeric
nanoparticles
TiO, NPs
Titania nanoparticles
Fe;04-loaded seeds
Magnetite nanopatrticles
loaded natural seeds
sabja

Fe;0/CNT NPs
Carbon nanotubes loaded

with magnetite

nanoparticles

Artificial
wastewater

Distilled water

Milli-Q
ultrapure
water

2-6 25 0.083-1.0
25 1.0
2-6 4-45 25 0.17-4.0
1-8 30 20 0-2.0
3 30 0.67
3-9 25 250-1500 mg 0.25-1.5
(volume not
mentioned)
4.7-9 30 1.0-7.0 0-0.83
2-6 25 Information not 0-2
mentioned
4.0 25 0.10 0-2.5
2 Information 1000 mg (volume 0, 0.25,
not mentioned not mentioned) @ 0.50, 0.75,
1.0,15,2.0
2-12 20-80 1.0 0.083-120

0.10-10

0.10

0.30-1000

50-1000

100

250-1000

10-50

1000 -11 000

0-80

1
5
20
30
50

50

100-1000

Cr(lll) 100% (pH 4, 0.25 h) /0.555 Mono
Cr(VI) 100% (pH 4, 0.33 h) / 1.705 elemental
(depending on the material type)

Cr(ll) ~60-100% Multi
Cr(VI) ~25-100 % elemental
(depending on the material type

and on the type and concentra
of interenfence anion)
Cr(1l) 90% (pH 2)/ 54.4 (45°C) Mono
Cr(VI) 85% (pH 2) / 5.8 (45°C) elemental
Cr(VI) ~99% (pH 3, 100 x10ug/L) Mono
35.186 elemental
Cr(VI) ~94-98% (depending on the Multi
type and concentration of salt) elemental
Cr(lll) 99.9% (pH 9) Mono
elemental
Cr(Vl) ~100% (10 x18pg/L, 7000 Mono
mg/L) / ~5 (50 x18pg/L) elemental
Cr(VI) 3830.58 Mono
elemental
Cr(VI) 21.92 Mono
elemental
Cr(VI) ~100% Mono
97% elemental
~85%
~80%
~75%
Cr(VI) 80% Multi
elemental
Cr(VI) 95% (pH 2) / 6QpH 2) Mono
elemental
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(69]

(60]

(61]

(74]

[92,93]

Fe;0, NPs
Iron(lI/111) oxide or
magnetite or ferrite

nanoparticles
MnFe,O4 NPs
Magnanese(ll) iron (111)
oxide or jacobsite or
manganese ferrite
nanoparticles
Magnetic PS-EDTA
resin
Magnetic chelating resin
with EDTA functionality
Semicarbazone
derivatives of
calix[4]arene immobilized
onto magnetic
nanoparticles (R©,):
MN-C1, MN-C2, MN-C3
NC Nanoporous carbon
Ni-NC Nickel oxide
onto nanoporous carbon
Fe-NC Iron oxide onto
nanoporous carbon

NH>-NMPs

Amino-functionalized
nano-Fg0O, magnetic
polymer adsorbents

EDA-NMPs

DETA-NMPs
TETA-NMPs
TEPA-NMPs

EDA-NMPs
DETA-NMPs
TETA-NMPs

TEPA-NMPs

2-10
2-12
Deionized 1.5-45
water
Ultrapure 2-10
water
Ultrapure 2.0-9.0
water
2.0-4.0

4-50

30

30

20, 30, 40

25-65

35

2.5

0.20-2.0

2.5

0.20

1.25

1.25

1.0

0.083-10

1.0

0-6.0

0-90

12

0.30-100

5-1000

5.2-20.8

10-100

50-1000

200, 400, 1000

cr(ln)

Cr(VI)

Cr(VI)

Cr(VvI)

Cr(vI)

Cr(VI)

100% (FgQO,, pH 6/7) Mono
10.638 elemental
100% (MnFgQ,, pH 2/3)
3.455

100 % (pH 4, 10 h, 1000 Mono

mg/L, 5-40 x18 pg/L) elemental
250.00
90% (MN-C2, pH 1.5) Mono
elemental
60.8 (Fe-NC, r.t.) Mono
elemental

99.9% (TEPA-NMPs, pH 2.0, Mono
50 mg/L) elemental
370.37 (TEPA-NMPs, pH 2.0,
35°C)

Cr(V1)34.19-76.70% (pH 3.5, 200 mg/L) Multi

98.79-200.18 (pH 2.0, 1000 mg/L)elemental
24.96-57.85% (pH 3.5, 200 mg/L)
82.67-139.87 (pH 4.0, 1000 mg/L)
45.24-81.90% (pH 3.5, 200 mg/L)
120.63-201.74pH 2.5, 1000 mg/L)
48.75-92.04% (pH 2.0, 1000 mg/L)
125.83-368.18pH 2.0, 1000 mg/L)
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NPs
Polyethylenimine-
modified magnetic
nanoparticles
Wastewater
[94] GMDFe
Nanosized ferric oxide
loaded glycidyl
methacrylatebased
polymer
[95] CeO; NPs Simulated
Monodisperse ceria wastewater
nanospheres
[96] Fe;04/BC Deionized
nanocomposites water
Magnetite/bacterial
cellulose
nanocomposites
[57] magMCM-41 Deionized,
Magnetic MCM-41 distilled water
nanosorbents
Deionized,
distilled water
Tap water
Mountain
stream water
River water
[97] BHCB-MN Deionized
5,11,17,23-tetra-tert- water
butyl-25,27-

di(benzhydrazidylmetho

xy)-26,28-dihydroxy-
calix[4]arene

immobilized silica-based
magnetic nanoparticles

2-9
2.2

2-10

Information
not
mentioned
Information
not
mentioned

2-7

5.0

52

54
2,5,8

55

15
25
3.5
4.5

15-35 4.0
25 4.0
2.67

r.t. (25) 4.0
r.t. 1.0
25 25
r.t. (25) 1.0
25 25

0-2.0 50-500
0.50 100
0.50 37.98
Equilibrium 30
time
0-2.0 4.8
8
2 0, 20, 40, 60, 80,
100, 150, 200
Information 106-156
not
mentioned
156
114
122
106
1 5.2

Cr(VI)

Cr(Vvi)

Cr(VI)

Cr(VI)

Cr(vi)

cr(ln)

Cr(VI)

Cr(vi)

Cr(Vvi)

Cr(VI)

Cr(VvI)
Cr(VvI)

98.2% (100 x18ug/L) Mono

83.33 (15°C) elemental

~98-100% Multi

elemental
99.0%

98% (24 h) Mono
163.47 (pH 2) elemental
94.5% / ~4.5 Mono
94.1% /7.52 elemental

~25-70% (20 mg/L) Mono
~0-20 (200 mg/L) elemental
98.8 (pH 2), 83.2 (pH 5) Mono
elemental
67.6 Multi
elemental
67.6
46.8
31.2
97% (pH 2), 97% (pH 5), 86%
(pH 8)
41.6
66% Mono
~64% elemental
11%
~0%
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[62] Cu,CO3(0OH), NPs Milli-Q water 4-9 10-40 5.0-20 1-16 20-500 Cr(VI) 82.2 Mono
Malachite nanoparticles 75% (pH 5, 50 x1dug/L) elemental
5 50 Cr(VI) 70% Multi
elemental
[63] NHTO Distilled water 2.0 30 1000-3000 mg @ 0.013-0.026 8.0-32.0 Cr(VI) 12.94¢ (32.0 x16 pg/L) Mono
Nanopatrticles of hydrous (packed column) elemental
titanium(lV) oxide
Industrial 2.06 30 4000 0.026 15.67 Cr(VI1) ~100% Multi
effluent elemental
wastewater
[98] a-Fe,0O; NPs Dilute 3-8 20-35 0.50-3.0 0-24 20-200 Cr(VI) ~90% (pH 3) Mono
Hematite nanoparticles’  simulated elemental
landfill
leachate 6.7 20 Cr(vl) ~50% Multi
elemental
[76] Fe;04-y-Fe203 NPs De-ionized 2-14 r.t. 0.40 0.17-4 1-2 Cr(VI) 96% (pH 2, 1 x10ug/L) Mono
Magnetite-maghemite water 4.45 (pH 2, 2 x1dug/L) elemental
nanoparticles 4 0.40 Cr(VI) 35-90% Multi
elemental
[99] Ch-(Cu) Deionized 2.85 25 2 24 50 Cr(VI) 95.58% Mono
Zero-valent copper- water 4.85 94.2% elemental
chitosan nanocomposites
[100] Magnetic NPs: Milli-Q water 2.0-9.3 225 5.0 0-1.0 20-100 Cr(VI) 100% (MnFgO,, 0.083 h) Mono
MnFe&0, elemental
MgFe,O,
ZnFe0,
CuFeO,
NiFe,O,
CoFe0,

®Nonlinear Pseudo-second-order modeseudo-second-order modeangmuir type 4 capacitfl.angmuir type 1 capacitfThomas model column capacitioom temperature.

Note that,

the conditions that are shaded correspond to thieupéake capacity or removal efficiency obtained;

in general, when the type of water is not referthd,authors may have used distilled or milli-Q evat

in the column correspondent to “Cr starting spedietal chromium concentration was quantified ia thorks that refer it; in the other works no memtis made regarding the
specie or if it is total concentration;

in the column correspondent to “Uptake capacity/gnhgr removal efficiency (%)”, when the value doest present units, it is the uptake capacity; otfse, it is the removal
efficiency;

the value presented in parentheses in the colunptaté capacity (mg/g) or removal efficiency (%) Hesponds to the condition that gave rise to tHeevaf uptake capacity or
removal efficiency presented,;
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the uptake capacity values which do not presengdacript were obtained either experimentallyyténgmuir model;
sometimes, the authors refer to experimental cmmditof experiments whose results they do not ptese
from column “Type of water” until “Cr starting spet, the conditions mentioned are the same foibtlew lines
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Supplementary Information

Table 2 — Nanomaterials for Cr removal with respeche conditions used as reported in the liteeatn the last 10 years (since 2007).

Reference Nanomaterial

[40] S n(ll) oxy-hydroxides
NPs (pH synthesis)

Sre04(OH)4 (pH 2)

Srs04(OH), /SnO (pH 4)

SnO4(OH), (pH 2)
SnsO4(OH), (pH 4)
SnG (pH 6)

SnG; (pH 9)
SOSQ(OH); (pH 2)
Sns04(OH), /SnO (pH 4)
Sns04(OH), /SnO (pH 6)
SngO4(OH), /SnO (pH 9)

SnO4(OH)4 (pH 2)
Sn(ll) oxy-hydroxides
NPs (pH synthesis)
SnO4(OH)4 (pH 2)
SnO4(OH)4 (pH 4)

SngO4(OH), /SnO (pH 4)
Sn,04(OH), /SnO (pH 9)

Type of water pH

Distilled water 6-8

oo
~ N
o

Natural-like
water

7.0-7.8

7.0
7.8
7.0
7.0
7.0

Temperature
°C)
10-30

20

20

10, 20, 30

20

20

Amount of
sorbent
(x10° mg/L)
0.025-0.75

0.025-0.75

0.20

Contact
time (h)
0.016-48

24

0.016-48

Initial element
concentration
(x10° pg/L)
0.010-5.0

0.25-5.0

0.010

5.0

0.10

0.010

Cr Uptake capacity (mg/g) or
starting removal efficiency (%)
specie
Cr(VI)

Type of
system

~31 (30 °C, SngO4(OH), pH 2) Mono
elemental

29.359 (pH 6), 23.440 (pH 7),
21.359 (pH 8)

10.354 (pH 6), 8.112 (pH 7),
6.990 (pH 8)

19
10
<0.5
<0.5
6.1
5.2
5.2-6.1
5.2-6.1

~19 (10°C), 27 (20°C), 31
(30°C)
Cr(VI) 19 (pH 7, SngO4(OH), pH 2) Multi
elemental

19
18.5
7.0
4.0
4.8
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[42]

Nano-ZrO,
Nano zirconium oxide

Nano-ZrO,-glu-CMC
Crosslinking of
nanolayer
carboxymethyl cellulose
(CMC) onto the surface
of nano zirconium oxide
(Nano-ZrQ) using
glutaraldehyde

Distilled water

1.0-7.0

1.0-7.0

r.t.

r.t.

r.t.

r.t.

r.t.

r.t.

2.5 0.017-1.0

2.5 0.50
2.5 0.017,
0.083, 0.17,
0.25, 0.33,
0.42, 0.50,
0.67, 0.83,
1.0
0.50, 1.0, 1.5, 2.0, 0.50
2.5,3.0,4.0,5.0,
7.5,10
2.5 0.50
2.5 0.50

1040-10 400

5200

5200

5200

1040, 2080, 3120,

4160, 5200, 6240,

7279, 8319, 9349,
10 400

5200

Cr(10)

Cr(VI)

cr(ln

Cr(VvI)

cr(ln

Cr(VI)

cr(ln

Cr(VI)

cr(lin

Cr(VI)

Cr(11I)

Cr(VI)

187 (500 mg/L, Nano-ZrO,- Mono
glu-CMC) elemental
73 (500 mg/L, Nano-ZrO,-
glu-CMC)

3-26 Nano-ZrQ (pH 7)
44-58 Nano-Zr@-glu-CMC
(PH 7)

2-6 Nano-ZrQ (pH 1-2)
19-35 Nano-Zr@glu-CMC
(pH 1-2)

26 Nano-ZrQ (1 h)

62 Nano-Zr@-glu-CMC (1 h)
6 Nano-ZrQ (1 h)

37 Nano-Zr@-glu-CMC (1 h)

94 Nano-ZrQ (500 mg/L)
187 Nano-Zr@-glu-CMC
(500 mg/L)

10 Nano-ZrQ (500 mg/L)
73 Nano-Zr@-glu-CMC
(500 mg/L)

62 Nano-ZrQ
(10 400 x16 pg/L)
89 Nano-Zr@-glu-CMC
(10 400 x16 pg/L)
18 Nano-ZrQ
(10 400 x16 pg/L)
54 Nano-Zr@-glu-CMC
(10 400 x16 pg/L)

11-26 Nano-ZrO, Multi
29-44 Nano-ZrO,-glu-CMC elemental
4-8 Nano-ZrO,
14-27 Nano-ZrO,-glu-CMC
(depending on the type of
interfering ion)
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[35]

(9]

[37]

Pd/Fe0O, NPs
Magnetite nanopatrticles
functionalized with
palladium
KzMn4OQ
Rancieite type material

MNPLB Double
Lagerstroemia speciose distilled water
bark (LB) embedded
magnetic nanoparticles

3

2-6

2,3,4,5,6

W

1.09-7.02

2.05

2.05

2.05

1.09, 2.05,

3.0, 4.02,

5.04, 6.07,
7.02

Information
not mentioned

4-45

r.t.

4, 25,45

15-40

35

35

35

35

5.0

2.5

2.5

2.5

2.5

0.1-0.7

0.4

0.4

0.1,0.2,0.3,0.4,
0.5,0.6,0.7

0.4

8.0

0.083-2.0

1.0

0.083, 0.17,
0.25, 0.50,
1.0,15,2.0

1.0

0.17-2.0

0.17, 0.50,

0.83, 1.2,

15,1.83,
2.0

15

15

15

20 Cr(VI) ~60% Multi
Total Cr ~60% elemental
0.30-30 Cr(I1I) 33% (pH 6)/ 41.8 (45°C) Mono
Cr(VI) 23% (pH 2) / 4.22 (4°C) elemental
0.30 Cr(ll1) ~5-33% (pH 6)
Cr(V1) ~3-23% (pH 2)
30 Cr(lll 21.7 (4°C), 36.5 (25°C), 41.8
(45°C)
Cr(VI) 4.22 (4°C), 4.08 (25°C), 3.25
(45°C)
0.30 Cr(I1I) ~4-37% Multi
Cr(VI) ~0-67% elemental
(depending on the type and
concentration of interfering ion)
50-500 Cr(VI) 739.7 (500 x10° pg/L) Mono
elemental
100 234.3 (0.17h), 237.2 (0.50h),

239.7 (0.83h), 243.1 (1.2h),
249.7 (1.5h), 249.7 (1.83h),
249.8 (2.0h)

50, 100, 200, 250,
300, 500

124.9 (50 x1Bug/L), 249.7
(100 x16 pg/L), 350.4 (200
x10° ug/L), 384.5 (250 x1d
ng/L), 444.0 (300 x1dug/L),
739.7 (500 x1®pg/L)

100 675.2 (100 mg/L), 394.7 (200
mg/L), 315.2 (300 mg/L), 249.7
(400 mg/L), 199.9 (500 mg/L),
166.6 (600 mg/L), 142.8 (700
mg/L)

100 249.7 (pH 1.09), 249.7 (pH
2.05), 242.3 (pH 3.0), 235.5 (pH
4.02), 234.6 (pH 5.04), 231.6
(PH 6.07), 225.5 (pH 7.02)

45



[84] MNP/MWCNTs
Magnetic iron oxide
nanoparticle-multiwalled
carbon nanotube
composites

[67] PAN-CNT/TiO »-NH,
Polyacrylonitrile (PAN)
and carbon nanotube
(CNTs)/titanium dioxide
nanoparticles (Tig)
functionalized with
amine groups (TiQ
NH,) composite
nanofibers

Ultrapure
water

2.05

1.0-9.0

1,234,

56,7,8,9

2.0

2.0

2.0

15, 20, 25, 30,
35, 40
25-45

25

25

25, 35, 45

25

r.t. (20)

20

20, 40, 60

20

0.4

0.4-2.0

1.0

0.4,0.6, 0.8, 1.0,

1.2,1.6,20

1.0

1.0

0.1-0.8

0.5

0.5

0.1,0.2,0.4, 0.6,
0.8

15

0-24

4.0

4.0

24

0.083-6.0

0-7

0.67

100

5.0-50 Cr(VI)

5.0

5.0

5.0, 10, 20, 30, 40,
50

5.0, 10, 15

10 Cr(VI)

10-300 Cr(VI)

10

10-300

10
20
30
50
80
100
200
300

100

197.4 (15°C), 208.0 (20°C),

239.9 (25°C), 246.3 (30°C),
249.7 (35°C), 249.7 (40°C)
~98% (1000-2000 mg/L)
42.02 (45°C)

~15-95% (pH 2)
~61-98% (1000-2000 mg/L)

22.22 (25°C), 39.68 (35°C),
42.02 (45°C) (depending on
the material type)

4.964 (5 x18 ug/L), 9.457
(10 x1@ pg/L), 13.43 (15 x1d
ug/L) (depending on the
material type)

~92-95% (depending on the
type of interfering ion)
99.7% (6000 mg/L)
861.11°

~65-99% (pH 2)

732 (20°C), 704.7 (40°C),
584.8 (60°C)

26.672
53.88%
78.95%
137.30%
217.47°
276.47%
550.872
861.11%

55.2-99.7% (6000 mg/L)

Mono
elemental

Multi
elemental

Mono
elemental
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[79]

[41]

Meso-MnO,
Mesoporous manganes
oxide
AgNPs@meso-MnQ
silver nanopatrticles
doped mesoporous
manganese oxide
Ag/Graphene-meso-
MnO,
silver nanoparticle
graphene deposited
Mesoporous manganese
oxide nanocomposite
CoFe04 NPs
Cobalt ferrite
nanoparticles

Milli-Q water 6

Distilled water 2-12

Printing press 1-12
wastewater

r.t.

25-55

25

25

25, 40, 55

25, 40, 55

25-55

25

25

25,40, 55

6.7

10

10

10

10

10

24 50
0-4.0 75-150
0-4.0 75, 100, 125, 150

75

2.0 75

100
125
150

2.0
0-24 1637.5
0-24 1637.5

1637.5

2.0 1637.5

Cr(VI)

Cr(VI)

Cr(VI)

~35% Mono
elemental
98% / 460
68% /140

98.45 % (55°C, 75 x10° pg/L) Mono
16.73 (55°C) elemental

65.50-91.76% (75 xFug/L)

~62-93% (12 x1dmg/L)

50.0-94.14% (pH 2)

91.76-98.45% (55°C)
84.57-93.45% (55°C)
75.20-85.94% (55°C)
65.50-74.91% (55°C)

10.53 (25°C), 10.98 (40°C),
16.73 (55°C)

~69% Multi
elemental
~69 %

~36-89% (pH 10/12)

46.44-64.56% (55 °C)
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39 MIO-MWCNTs 2.6-7.3 5-60 1.0 0.25-4.0 5-100 Cr(VI) 12.61 (100 x10° ug/L, Mono
1g

MWCNTs MIO-MWCNTs) elemental
Multi-walled 80.8% (5 x10° ng/L,
carbon nanotubes MIO-MWCNTSs)
MIO NPs

Magnetic iron oxide
nanoparticles

MIO-MWCNTSs 3 30 1.0 0.25, 0.50, 10 454 -5.93 (4 h)
MWCNTs 0.75, 1.0, 4.80 (4 h)
MIO NPs 2.0,3.0,4.0 5.27 (4 h)
MIO-MWCNTSs 3 30 1.0 4.0 5-100 12.6-80.8% (5 x1Bug/L)
4.04-12.61 (100 xTug/L)
MIO-MWCNTSs 3 5, 15, 30, 45, 1.0 0.25, 0.50, 10 5.47-6.64 (5°C)
60 0.75, 1.0,
2.0,3.0,4.0
MIO-MWCNTSs 2.6-7.3 30 1.0 10 2.13-5.70 (pH 3)
1.0 5-100 11.256
[52] CN-coated AC Deionized 5.0 Information 1.0 0-24 0.10-100 Cr(VI) 77.52 (CN-AC/DC) Mono
Bituminous activated water not mentioned 61.7% (0.1 x10° pg/L, clemental
carbon (AC) coated with CN-AC/DC)
chitosan nanoparticles
(CN) 5.0 1.0 0-24 0.10-100 61.35 CN NPs
CN-AC/DC 57.47 CN-AC/WI
CN coated on AC by the 77.52 CN-AC/DC
dip coating method 38.5-61.7% CN-AC/DC
CN-AC/WI (0.1 x16 nglL)
CN coated on AC by the
wet impregnation method 5.0 1.0 0-24 10 4.66 CN'AC/W'
4.84 CN-AC/DC
[8] n-Al,03 Distilled water 2.0-10.0 30-60 4-24 0-1.5 5-25 Cr(VI) 94% (5 x10° pg/L, pH 2.03, Mono
y-alumina nanopatrticles 18 340 mg NPs/L) elemental
modified with cetyl 18.716 * (25 x10° pg/L)
trimethyl ammonium
bromide (CTAB) 2,4,6,8, ~46-94% (pH 2)
10
2 0-1.5 5 4.707
10 8.415
15 12.155°

48



[85] CuO NPs
Copper(ll) oxide
nanoparticles

[72] IONPs
Magnetic iron oxide
nanoparticles
MIONPs
EDTA-modified
magnetic iron oxide
nanoparticles

distilled water

2.03
2-10

2,34,5,6,
7,8,9, 10

3

20

30

40

60

25-45

r.t.

r.t.

r.t
r.t.
25
35

45
r.t.

r.t.

4,8, 12, 16, 20,
24

18.34
0.4-5

1.0

0.40, 0.80; 1.2,
1.6, 2.0, 3.0, 4.0,
5.0
1.6

1.6

1.6

0.0050-0.030

0.0050, 0.010,
0.015, 0.020,
0.025, 0.030

0-3.0

3.0

0-3.0

3.0

3.0

0-18

3.0

20
25

5, 10, 15, 20, 25

10-150

20

20

20

10, 20, 30, 50, 70,
100, 150

20

200-1000

Cr(VI)

Cr(VI)

15.933°
18.716"
~40-94% (5 x1Bug/L, 1h)

~52-94% (20 000-24 000
mg/L)

~64-94% (5 x1Bug/L) /
0.8952

~54-87% (5 x1Bug/L) /
0.8204

~50-70% (5 x1®ug/L) /
1.0149

~40-63% (5 x1Bug/L) /
0.7469

94%
96.3% (10 x10° pg/L)
86.25 (400 mg/L)

33.05-65.5% (pH 3)
13.1 (pH 3)

34.5-92.8% (5000 mg/L)
18.56-86.25 (400 mg/L)

~82% (1h)

16.33-96.3% (10 x1ug/L)

83% /15.625
17.636
94% /18.518
99.90% / 499.5 (30 mg/L,
MIONPs)
34.06% /170.33 (30 mg/L,
IONPs)

320.17-499.5 (30 mg/L)
MIONPs
86.88-170.33 (30 mg/L)
IONPs

Mono
elemental

Mono
elemental
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2 25
2 25
[68] Ti-AX Synthetic 8 Information
Titanium dioxide groundwater not mentioned
nanoparticles
precipitated in anion
exchange resins
[86] Cs-g-PBA/SG 3-9 r.t.
Chitosan-g-
poly(butylacrylate)/
silica gel nanocomposite 3,4,5,6,7,
8,9
7 25
7 r.t.
[87] Chitosan-FeO, Deionised Information = Information
nanocomposite strip water not not mentioned
Chitosan—-magnetite mentioned

nanocomposite strip

0.010

0.60

10-60

10

10, 20, 30, 40, 50,
60

10

10

Icmx 1cm
0.010 L

18

0.33, 0.66,
1.0,1.3,
1.7,2.0,
23,27,
3.0,18

3.0

168

1.0-6.0

1.0

1.0-6.0

1.0

0.17, 0.30,
0.83, 1.2,
1.5,1.8,2.2

1000

200, 400, 600, 800,
1000

0.10 Cr(VI)

62.5-1000 Cr(VI)

100

100

62.5, 125, 250, 500,
750, 1000

260 Cr(VI)

64.03% (5 mg/L), 77.67% (10
mg/L), 89.16% (15 mg/L),
93.77% (20 mg/L), 96.65%

(25 mg/L), 99.90% (30 mg/L)

MIONPs

17.37% (5 mg/L),19.15% (10
mg/L), 22.41% (15 mg/L),
25% (20 mg/L), 29.05% (25
mg/L), 34.06% (30 mg/L)

IONPs

163.97 (3h), 452.26 (18h)
MIONPs

147.95 (3h), 170.33 (18h)
IONPs

82.80-367.67 MIONPs

(1000 x18 pg/L)
37.55-106.33 IONPs
(1000 x18 pg/L)
88% Multi
elemental
98% (62.5-125 x10° pg/L) Mono
55.71 elemental
~94.1-97.4% (pH 7)
~97.4-97.73% (60 000 mg/L)
~96.7-98 (5-6h)
54-98% (62.5-125 xTug/L)
55.71
~15-92.33% Mono
elemental
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[47] TF-SCMNPs Distilled water
Thiol-functionalized

mesoporous silica-coated

magnetite nanoparticles

(FesO4 NP9

[43] Fe-Cu binary oxide
NPS

Milli-Q water

3-10

3,5,7,10

10

10

1,35 7,9

r.t. (25)

r.t.

r.t. (25)

25

25

25

25

25

0.080-0.40 0.083-24
0.40 0.083, 0.17,
0.25, 0.33

0.080, 0.16, 0.24, 0.33
0.32, 0.40

0.40 TF-SCMNP 0.33
0.40 FgO,

0.080-0.40 24
0.10-2.5 1.0
0.10 1.0
0.50
1.0
25
0.10, 0.50, 1.0, 1.0
2.5
0.50 1.0
0.10 0-10
1.0

8 Cr(1)

1-25 Cr(VI)

1,5, 10, 25

1.15

42% (pH 10, 400 mg/L) Mono
1.119 elemental

2.5-42% (pH 10, 0.33 h)
1.375-42% (400 mg/L)

42%
13.875%

1.119
~100% (100 mg/L, Mono
1 x10° pg/L) elemental
71.43

~10-50% (1 x1®ug/L)
81.3% (1 x18ug/L)
76.54% (5 x1Bug/L)
71.43% (10 x1dug/L)
73.76% (25 x1bug/L)
~92-98% (1 x1®ug/L)
~99-100% (1 x1®pug/L)

27.9% (100 mg/L), 76.54%
(500 mg/L), 97.48% (1000
mg/L), 99.86% (2000 mg/L)

41.25% (pH 1), 76.54%

(pH 3), 71.5% (pH 5), 53.28%

(pH 7), 26.82% (pH 9)
~40% (4 h)

71.43
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[51]

MIN Magnetic iron
oxide nanoparticles
MIN-TW Magnetic iron
oxide nanoparticles/tea
waste composite
MIN-SB Magnetic iron

oxide
nanoparticles/sugarcane
bagasse composite
MIN
MIN-TW
MIN-SB

MIN
MIN-TW

MIN-SB

MIN
MIN-TW
MIN-SB

MIN
MIN-TW

MIN-SB

MIN
MIN-TW
MIN-SB

MIN
MIN-TW
MIN-SB

MIN
MIN-TW
MIN-SB

Deionized
water

Deionized
water

2-7

2,3,4,56

30

30

30

30

30

30, 35, 45

0.50-1.25

1.0

1.0

1.0

0.50, 0.75, 1.0,
1.125

0.083-2.0

0.75

0.75

0.083-2.0

0.92

1.0

1.0

0.82
0.84
0.75

50-300 Cr(IIN)

50

50, 100, 200, 250

250

250

Cr(10)

98.27% (MIN-SB, 1h,
1125 mg/L)
518.134 ¢ (MIN-SB, 0.75 h)

83.86% / 45.93 (pH 6)
78.46% / 39.23 (pH 6)
94.23% / 47.11 (pH 6)

90.90% / 227.25
(250 x1G pg/L)
89.82% / 224.558
(250 x16 pgl/L)
96.74% / 241.87
(250 x16 pgl/L)

93.03% / 232.59 (0.92 h)
92.83% / 232.08 (1 h)
98.27% / 245.68 (1 h)

93.03 % (1125 mg/L)
232.59 (500 mg/L)
92.83% (1125 mg/L)
232.08 (500 mg/L)
98.27% (1125 mg/L)
245.68 (500 mg/L)

502.77F
466.77%F
518.134°

Mono
elemental

323.59 (30°C), 242.92 (35°C),

246.89 (45°C)

232.08 (30°C), 241.99 (35°C),

245.52 (45°C)

245.06 (30°C), 247.16 (35°C),

248.99 (45°C)

~229-243
~228-240
~243-247
(depending on the type of
interfering ion)

Multi
elemental
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[36] ST/Mag NPs Double- 2-8 r.t. (20) 0.10-11.0 0.033-4.0 5-300 Cr(VI) ~100% (5 x10° pg/L) Mono
Spent tea-supported | distilled water 30.03 elemental
magnetite nanoparticles

2,3,4,5,6, 20 5.0 2.0 10 ~65-92.8% (pH 2)
7,8
2 20 0.10-11.0 2.0 10 10.1-99.7% (6000 mg/L)
2 20 6.0 0.033-4.0 10 1.447199.7% (1h)
100 13.92/81.8% (1h)
2 20 6.0 2.0 5-300 30.03
~55-100% (5 x1dpg/L)
Synthetic 2 20 3.0 1.0 10 Cr(VI) 78.3-99.9% Multi
saline 1.09-1.39 elemental
wastewater (depending on the
concentration of interfering
ions)
[44] Fe;0O4 NPs Double 2-10 25-45 1.0-4.0 0-24 2-100 Cr(VI) ~75% (4000 mg/L) Mono
Magnetic magnetite | distilled water 34.9 (45°C) elemental
nanoparticles
2,4,6,8, 25 1.0 20 10-58.4% (pH 2)
10
2 25 1.0 0-24 50 30% /14.01
2.0 57%/16.13
4.0 ~75% /8.70
2 25 2.0 0-24 25 9.90°
50 8.85"
100 17.24°
2 25, 35, 45 2.0 0-24 2-100 20.2 (25°C), 26.8 (35°C), 34.9
(45°C)
[38] 3-6 25 0.25 2.0 5.2-104 Cr(IIT) 343 (pH 5.4, ESH@MS-60- Mono
NH,) elemental
ESH Electrospun 5.4 25 2.0 208
hematite nanofiber
ESH@MS-60 5.4 25 2.0 178
Electrospun hematite
nanofiber/mesoporous

silica core/shell
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ESH@MS-60-NH, 5.4 25 2.0 343
Electrospun hematite

nanofiber/mesoporous
silica functionalized with
amine group
[45] CaFe0, NPs Ultrapure 2-6 r.t. 0.0625-1.0 0.033-1.7 30-250 Cr(IIT) 340 (62.5 mg/L) Mono
Calcium ferrite deionized 99% (pH 2 /30 x10° pg/L) elemental
nanoparticles water
2,3,4,5,6 1.0 0.67 50 5.80-49.50 (pH 2)
11.5-99% (pH 2)
1.0 30-250 29-122 (250 x1®dug/L)
~49-99% (30 x1dug/L)
2 1.0 0.033-1.67 | 30, 50, 70, 100, 125 ~30-115 (125 x1dug/L)
2 0.0625, 0.125, 0.67 50 ~340 (62.5 mg/L)
0.25, 0.50, 0.75, > 95% (1000 mg/L)
1.0
2 1.0 0.67 30-250 124.11
[46] MnFe,O4 NPs Real 2 r.t. 0.5-6.0 0.17-24 50-250 Total Cr 334.80 (500 mg/L) Multi
Manganese ferrite wastewater 71.37% (1500 mg/L) elemental
nanoparticles from
galvanotechnic 2 0.50, 1.0, 1.5, 2.0, 24 34.68-334.80 (500 mg/L)
industry 3.0,6.0 ~50-71.37% (1500 mg/L)
2 15 0.17-24 ~80/~60% (2 h)
2 15 24 50, 100, 150, 250 ~10-40 (250 x1®pg/L)
~25-30% (50 x1®dug/L)
15 2.0 89.18 / 59.35%
[70] Fes04 NPs Distilled water 7 20 0.10-1.0 0.083-24 0.25 Cr(VI) ~2.4 (24 h) Mono
Magnetite nanopatrticles elemental
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[88]

[89]

FesO4 NPs
Magnetite nanoparticles

CS-CA NPs
Chitosan—citric acid
nanoparticles

CS NPs
Chitosan nanoparticles

CS-CA NPs

Natural-like 5-8 20 0.10-1.0 0.083-24
water
7 0.083-24
5-8 0.10 24
6.5 1.0 0.50-5.8
7.0
7.5
1.5-4.5 10-75 0.50-2.0 0-2.0
3.5 20 2.0 0-2.0
15,25, 20 2.0 0.50
35,45
35 10, 20, 45, 75 2.0 0.50
35 20 2.0 0.50
35 20 0.50, 1.0, 2.0 0.50
De-ionized 2-6 25-45 0.50-5.0 0-2.0
water
4 25 2.0 0,0.17,
0.33, 0.66,
1.0, 1.83,
2.0
2,3,4,5,6 25 3.0 1.0
4 25 0.50, 1.0, 1.5, 2.0, 1.0
2.5,3.0,35
3 25 3.0 1.0

0.050-1.0

0.25
0.050-1.0

0.10

0-160
80

80

80

0,5, 10, 20, 40, 80,

160

80

10-110

25

50

50

10, 30, 50,70, 90,
110

Cr(VI)

Cr(VI)

Cr(VI)

~100% (pH 6.5,3 h/ Multi
pH 7.0, 4 h) elemental
4 (pH 5)
~1.1 (24 h)
1-4 (pH 5)

~100% (3 h)
~100% (4 h)
~95% (5 h)

~26 (2000 mg/L) Mono
elemental
~12 (2 h)

~5.5-13.5 (pH 1.5)

~9-25 (75°C)

~3-12 (160 x1®pg/L)

~10.5-12 (500 mg/L)
~7.5-26 (2000 mg/L)
94.46% (70 x10° ng/L) Mono
38.51 (500 mg/L) elemental

61.75% CS-CA (1-2 h)
83.54% CS (1-2 h)

52.89-86.83% (pH 3)
~9-14(pH 3)

38.51-83.33%
(3000-3500 mg/L)
3.88-38.51 (500 mg/L)

53.42-94.46% (70 xBug/L)
22.4 (70 x1& pg/L)
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De-ionized
double
distilled water

[65] CuO NPs
Cupric oxide
nanoparticles

[58] TiO, NPs Deionized
Titania nanoparticles = (MilliQ) water
[56] BnM Ultrapure
Biogenic nano-magnetits water
Contaminated
groundwater

2.0-10.0 20-60
7.0 25
7.0 25
2,3,4,5,6, 25
6,7,89,
10
4.0 25
4.0 20, 25, 30, 35,
40, 45, 50, 55,
60
3.81 37.1
2.0-12.0 28
2,57,9,
12
7.0
12 20
11.9 20

0.25-2.5

1.0

1.0

1.0

0.25, 0.50, 0.75,
1.0,1.25, 1.5,
1.75, 2.0, 2.25,

2.5

1.25

1.28
0.010-0.50

0.010, 0.050,
0.10, 0.20, 0.50

0.10
0.75 Anoxic

0.66 Anoxic
0.66 Oxic

0-5.8

2.5

2.5

2.5

2.5

0.083-0.75

0.083, 0.17,
0.25, 0.33,
0.50, 0.75

0.50
0-350

0-200

5-50

30

5, 10, 15, 20, 25,
30, 35, 40, 45,
50

25

25

25

225
5-100

5, 10, 20, 50, 100
Model solution

16.69

Cr(VI)

Cr(VI)

Cr(VI)

Cr(VI)

98.8%
50.0 (250 mg/L)

~35% (2.5-5.8 h)
~8 (2.5-5.8 h)

21.9-91.0% (5 x1dpg/L)

3.5-8.55 (25 x1®ug/L)

20-73.2% (pH 4)
4-14.07 (pH 4)

50-80% (1250 mg/L)
7.93-50.0 (250 mg/L)

13.3-86.5% (40°C)
2.5-16.63 (40°C)

98.8%
85.85 (20 x10° pg/L)

75.47 (pH 7)

79.24 (0.5 h)

83.01(100 mg/L)

85.85(20 x1C pg/L)
32

24
7

Mono
elemental

Mono
elemental

Mono
elemental

Multi
elemental
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[48] PAA@VTES@F&g0,
NPs
Magnetite nanopatrticles
coated with silane
coupling agent (VTES)
grafted with polyacrylic
acid (PAA)

[64] Fe;0, NPs
Magnetite nanopatrticles

Ultrapure
water

Tannery
effluent
Deaerated
deionized
water

2-6

2,25,3,
3.5,4,4.5,
5/55,6

6

6

2-10

2,3,4,6,8,
10

20-40 1.0-6.5 0-24
30 5.0 4.0
30 1.0,2.0,35,4.0, 4.0
5.0,55,6.0,6.25,
6.5
20, 30, 40 5.0 0-24
30
5.0 4.0
25-45 1.0-5.0 0-3.0
0-3.0
1.0, 2.0, 3.0, 4.0, 0-3.0
5.0
0-3.0
25, 30, 35, 40 0-2.0
40 4.0 2.0

170 Cr(I1T)

170

170

170

170 Total Cr

0-120 Cr(VI)

20, 50, 70, 100

20

20 Cr(VI)

92.5% (pH 6, 5000-6500 Mono
mg/L) elemental
80.6 (40°C).
56.2-92.5% (pH 6)
66.5-92.5% (5000-6500 mg/L)
54.1 (20°C), 61.4 (30°C), 80.6
(40°C)
94.0% Multi
elemental
100% (pH 2, 4000 mg/L, Mono
20 x10° pg/L, 40°C) elemental
35.7-100% (pH 2)
29.1-100% (4000 mg/L)
30-100% (20 x1dug/L)
73.8-100% (40 °C)
100%
80-100% Multi
(depending on the type and elemental

concentration of interfering
anion),
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[55] Fe;O, nanospheres Double
Mesoporous magnetite  distilled water
nanospheres

Groundwater

[90] PPYHk-Fe,0s Deionized
Polypyrrole/maghemite water
PANI/y-Fe;04
Polyaniline/maghemite

PPYH-Fe,0,
PANI/y-Fe,0,

PPYH-Fe0,
PANI/y-Fe,0,

PPYh-Fe0,

PANI/y-Fe,0;

2-7

2,3,4,5,6,

2.0-10.0

2.0-10.0

2.0

2.0

25-45

25

25

25

25, 35, 45

25, 35, 45

25

r.t.

1.0-3.0

1.0

1.0,2.0,3.0

2.0

2.0

2.0

2.0

0.2

1.0-72

1.0,48,72

48

0.083-2

0.083-1.5

1

5-100

10

10

10

20

10

2.5-100

100

100

2.5, 5, 15, 25, 50, 75,
100

Cr(VI)

Cr(VI)

Cr(VI)

44% (1h, 2000 mg/L)
8.90 (45°C)

~ 27-42% (pH 2)

44% (1h, 2000 mg/L)

1.99
4.35
6.55

Mono
elemental

4.35 (25°C), 4.50 (35°C), 4.72

(45°C)

6.64 (25°C), 7.31 (35°C), 8.90

(45°C)

65%

~100% (pH 2, 2.5 mg/L)
208.8 (PPY/y-Fe, 03, pH 2,
100 mg/L)

~ 48-52% (pH 2)
~ 33-48% (pH 2)

~52%
~49%

~52-100% (2.5 mg/L)
208.8 (100 mg/L)

~ 50-100% (2.5 mg/L)
195.7 (100 mg/L)

Multi
elemental

Mono
elemental
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[80] P(MMA)-g-TG-MNPs Deionized
Poly(methyl water
methacrylate) grafted
Tragacanth gum
modified FgO, magnetic
nanoparticles

Electroplating
wastewater
Underground
water
[78] Fe,0, NPs
Magnetite nanopatrticles

2.0-7.0 25

2.0-7.0

5.5 25

5.5

5.5

2,3,4,5,6

4 rt (21)

3.0

3.0

2.5

2.5

2.5

2.5

0-4.2

3.4

0-4.2

0.083-1.0

1.0

0.083, 0.17,
0.25, 0.33,
0.5,1.0

1.0

1.0

<20
10
20
30
20
10-10.020
0.100-0.150

0.10-10

0.10

0.10

0.25,0.50, 1,5, 10

0.10

Cr(VI)

Cr(VI)
Cr(VI)
Cr(VI)
Cr(I1I)
Cr(VI)
Cr(lin)

Cr(VI)

cr(ln

Cr(VvI)

cr(l)
Cr(VI)

Cr(1I)
Cr(VI)

~50-100% (pH 2) Mono
7.84 (30 mg/L) elemental

~ 50-100% (pH 2)
7.64

3.23
6.31
7.84
91.7-98.4% (without interfering Multi
ions) elemental
89.0-96.2% (10 mg/L)

59.8-97.8% (0.100 mg/L)

100% (pH 4, 0.25 h) / 0.555 Mono
100% (pH 4, 0.33 h) / 1.705 elemental
(depending on the material type)

0-100% (pH 4, depending on t
material type)
50-100% (pH 4, depending on
the material type)

~10-100% (0.25 h, depending
the material type)

~70-100% (0.33 h, depending
the material type)

0.555
1.208/1.705 (depending on the
material type)

~60-100% Multi
~25-100 % elemental
(depending on the material type
and on the type and concentration
of interenfence anion)
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[77]

[49]

[71]

Mn;O,
Manganese oxide
nanomaterial

PMMNs
Polyacrylamide modified
iron oxide nanoparticles

FesO4 NPs
Iron oxide magnetic
nanoparticles

2-6

2,3,4,5,6

w

Artificial 3-9
wastewater

3,5.5,75,
9

5.5

5.5

5.5

4-45

25

4, 26, 45

4,21,45

30

30

30

30

30

25

25

25

15, 20, 25, 30

25

2.5

2.5

2.5

2.5

20

20

20

250-1500 mg
(volume not
mentioned)

1000 mg

250, 500, 750,

1000, 1500 mg

750 mg

750 mg

1000 mg

0.17-4.0

1.0

1.0

1.0

0-2.0

0.67

0-2.0

0.67

0.25-1.5

1.0

0.25, 0.42,
0.50, 0.75,
10,15

0.75

0.75

0.30-1000 Cr(I1I)

Cr(VI)

0.30 Cr(lll)

Cr(VI)

0.30, 3, 30, 300, Cr(lll)

1000 Cr(VI)

0.30-1000 cr(ln)

Cr(VI)

50-1000 Cr(VI)
100
100

50-1000

100 Cr(VI)

250-1000 Cr(IT)
500
500
500
500

250, 500, 750, 1000

32.7-99.9% (pH 9)

56.9-98.5% (1500 mg)

71.2-88.7% (1.5 h)

70.7-92.9% (30 °C)

96.96-99.1% (250 xFug/L)

90% (pH 2)/ 54.4 (45°C) Mono
85% (pH 2) / 5.8 (45°C) elemental
~60-90% (pH 2)
~20-85% (pH 2)
~7-10
~3
18.7 (4°C), 41.7 (21°C), 54.4
(45°C)
2.5 (4°C), 4.3 (21°C), 5.8
(45°C)
~99% (pH 3, 100 x10* pg/L) Mono
35.186 elemental
~65-97% (pH 3)
~99%
64.20-98.30% (50 xFug/L)
35.186
~94-98% (depending on the Multi
type and concentration of salt)  elemental
99.9% (pH 9) Mono
elemental
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[59]

[75]

[73]

[50]

[91]

NiO NPs
Mesoporous nickel oxide
nanoparticles

Cr(VI)-imprinted
poly(HEMAH) NPs
Chromium(VI)-imprinted
hydroxyethylmethacrylate
(HEMA) polymeric
nanoparticles

TiO, NPs
Titania nanopatrticles

Fe;0,4-loaded seeds
Magnetite nanopatrticles
loaded natural seeds
sabja

FesO4/CNT NPs
Carbon nanotubes loade
with magnetite
nanoparticles

Distilled water

Milli-Q
ultrapure
water

4.7-9 30 1.0-7.0 0-0.83
4.7 30 6.0
4.7 30 1.0, 2.0, 3.0, 4.0,
5.0,6.0,7.0
4.7,7,9 30 6.0
4.7 30 6.0
2-6 25 Information not 0-2
mentioned
2,3,4,5,6 25
4 25 0, 0.33,
0.66, 1.0,
2.0
4 25
4 25
4.0 25 0.10 0-2.5
4.0 25 0.10 2.0
4.0 25 0.67
2 Information 1000 mg (volume 0, 0.25,
not mentioned not mentioned) 0.50, 0.75,
1.0,1.5,2.0
2-12 20-80 1.0 0.083-120
2,4,6,8, 1.0
10, 12
6 20, 40, 60, 80

10-50

10, 20, 30, 40, 50, 60

20

20

20
1000 -11 000

7000

7000

1000, 2000, 3000,
4000, 5000, 6000,
7000, 9000, 11 000

7000
0-80

0-80

1
5
20
30
50

50

100-1000
100

100-800

Cr(VI)

Cr(VI)

Cr(VI)

Cr(VI)

Cr(VI)

Cr(VI)

~100% (10 x10° pg/L, 7000
mg/L) / ~5 (50 x10° pug/L)

~40-100% (10 x1dpg/L)
~0-5 (50 x18 pg/L)

~20-100% (7000 mg/L)
~3-4.5 (2000 mg/L)

~94-98% (4.7)

4.73
3830.58

~1700-3830.58 (pH 4)

3830.58 (1-2 h)

0-3830.58 (7000 xTug/L)

3830.58
21.92

~13.5-21.76 (16.83 x2qug/L)

21.92
~100%
97%
~85%
~80%
~75%
80%

95% (pH 2) / 60 (pH 2)

~75-95% (pH 2)
50-60(pH 2)

47.98-83.54 (80 °C)

Mono
elemental

Mono
elemental

Mono
elemental

Mono
elemental

Multi
elemental
Mono
elemental
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[69] FesO4 NPs
Iron(l1/111) oxide or
magnetite or ferrite

nanoparticles
MnFe,O, NPs
Magnanese(ll) iron (l11)
oxide or jacobsite or
manganese ferrite
nanoparticles

[60] Magnetic PS-EDTA
resin
Magnetic chelating resir
with EDTA functionality

[61] Semicarbazone
derivatives of
calix[4]arene immobilized
onto magnetic
nanoparticles (F©,):
MN-C1, MN-C2, MN-C3

2-10

2,3,4,5,6,
7,8,9,10

Deionized 1.5-4.5
water
1.5, 2.5,

35,45

2.5

4-50

23

30

30

30

30

30

30

30

2.5

2.5

25

0.20-2.0

1.0

1.0

1.0

0.20, 0.60, 1.0,
1.4,18,20

2.5

25

1.0

1.0

1.0

0.083-10

6.0

0.083-10

10

10

1.0

1.0

0.30-100

0.30

0.30, 1, 5, 10, 25,
50, 100

5-1000

30

30

5-1000

30

5.2-20.8

5.2,10.4, 15.6, 20.8

Cr(I1T)

Cr(VI)

cr(ln

Cr(VvI)

cr(l)
Cr(VI)

Cr(VI)

Cr(VI)

Mono
elemental

100% (Fe;04, pH 6/7)
10.638

100% (MnFe,0,, pH 2/3)
3.455

~0-100% FgO, (pH 6/7)

~0-80% MnFgO, (pH 6)

~0-60% FgO, (pH 3/4)
~0-100% MnFgO, (pH 2/3)

10.638 FgO,
7.189 MnFeO,
3.455 Fg0,
3.211 MnFeO,
100 % (pH 4, 10 h, 1000
mg/L, 5-40 x10° pg/L)
250.00

Mono
elemental

30-100% (pH 4)

~100% (10 h)

0-240.23 (1000 xI0ug/L)
~25-100% (5-40 xToug/L)

~91-100% (1000 mg/L)

250.00
90% (MN-C2, pH 1.5) Mono
elemental
~30-70% MN-C1 (pH 1.5)
~70-90% MN-C2 (pH 1.5)

~60-80% MN-C3 (pH 1.5)

~48-82% MN-C2 (5.2 x10
Ha/l)
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[74]

[92,93]

NC Nanoporous carbon
Ni-NC Nickel oxide

onto nanoporous carbon

Fe-NC Iron oxide onto
nanoporous carbon

NH,-NMPs
Amino-functionalized
nano-Fg0O, magnetic

polymer adsorbents

TEPA-NMPs

EDA-NMPs
DETA-NMPs
TETA-NMPs
TEPA-NMPs

EDA-NMPs
DETA-NMPs
TETA-NMPs
TEPA-NMPs

EDA-NMPs
DETA-NMPs
TETA-NMPs
TEPA-NMPs

EDA-NMPs
DETA-NMPs
TETA-NMPs

TEPA-NMPs

Ultrapure
water

Ultrapure
water

2-10

2,3,4,5,6,
7,8,9, 10

2.0-9.0

2.0-9.0

2.0-9.0

25
25
25
20

2.5
2.5
2.5
20

2.0-4.0

20, 30, 40

30

r.t.

25-65

35

25-65

35

0.20

0.20

0.20

1.25

1.25

1.25

1.25

1.25

1.25

0-6.0

6.0

0-90

24

24

0-90

10-100

100

50-1000

50
500
1000

50

50

50-1000

200, 400, 1000

Cr(VI)

Cr(VI)

Cr(VI)

60.8 (Fe-NC, r.t.)

~20.8 NC (pH 5)
~46.8 Ni-NC (pH 4)
~52.0 Fe-NC (pH 4)

~15.6 NC
44.7 Ni-NC
60.8 Fe-NC
99.9% (TEPA-NMPs, pH 2.0,
50 mg/L)
370.37 (TEPA-NMPs, pH 2.0,
35°C)

16.5-99.9% (pH 2.0)
11.5-73.9% (pH 2.0)
9.4-47.2% (pH 2.0)

>99.9% (pH 2.5)
>99.9% (pH 2.5)
>99.9% (pH 2.5)
>99.9% (pH 2.0)

37.49
37.79
38.47
39.96

136.98 (35°C)
149.25 (35°C)
204.08 (35°C)
370.37 (35°C)

34.19-76.70% (pH 3.5, 200 mg/L)
98.79-200.18 (pH 2.0, 1000 mg/L)
24.96-57.85% (pH 3.5, 200 mg/L)
82.67-139.87 (pH 4.0, 1000 mg/L)
45.24-81.90% (pH 3.5, 200 mg/L)

Mono
elemental

Mono
elemental

Multi
elemental

120.63-201.74 (pH 2.5, 1000 mg/L)

48.75-92.04% (pH 2.0, 1000 mg/L)

125.83-368.13 (pH 2.0, 1000 mg/L)
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[66]

[94]

[95]

[96]

PEI-y-Fe,0;@F&0,
NPs
Polyethylenimine-
modified magnetic
nanoparticles

GMDFe
Nanosized ferric oxide
loaded glycidyl
methacrylatebased
polymer

CeO, NPs
Monodisperse ceria
nanospheres

Fe;04/BC
nanocomposites
Magnetite/bacterial
cellulose
nanocomposites

22

Wastewater

4

Simulated Information
wastewater not
mentioned
Deionized Information
water not
mentioned

15-35

25

15, 25, 35

25

r.t. (25)

25

25

25

r.t.

25

4.0

4.0

4.0

4.0

2.67
4.0

4.0

4.0

1000 mg (volume
not mentioned)
1.0

2.5

0-2.0

0.50

0-2.0

0.50

0.50
Equilibrium
time

0-24

0-2.0

50-500 Cr(VI)

100

100

200

400

500
50-500

100 Cr(VI)
37.98 Cr(VI)

30 Cr(VI)

30

30
30

4.8 Cr(VI)
8

0, 20, 40, 60, 80,
100, 150, 200

Cr(I1T)

98.2% (100 x10° pg/L)

83.33 (15°C)

~98-55 % (pH 2)

98.2%
92.6%
72.5%
64.6%

83.33 (15°C), 78.13 (25°C),

74.07 (35°C)
~98-100%

99.0%
98% (24 h)
163.47 (pH 2)

Mono
elemental

Multi
elemental

Mono
elemental

163.47 (pH 2), 157.52 (pH 4),

94.38 (pH 6), 77.94 (pH 8),

27.37 (pH 10)
0-98% (24 h)
138.84

94.5% / ~4.5
94.1%/7.52

~25-70% (20 mg/L)
~0-20 (200 mg/L)

Mono
elemental

Mono
elemental
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[57] magMCM-41
Magnetic MCM-41

Deionized,
distilled water

nanosorbents
Deionized,
distilled water
Tap water
Mountain
stream water
River water
[97] BHCB-MN Deionized
5,11,17,23-tetra-tert- water
butyl-25,27-
di(benzhydrazidylmethc

Xy)-26,28-dihydroxy-
calix[4]arene
immobilized silica-based
magnetic nanoparticles
[62] Cu,CO3(OH), NPs
Malachite nanoparticles

Milli-Q water

2-7

2-5

5.0

52

5.4
2,5,8

5.5

1.5
2.5
3.5
4.5

4-9

4,5,6,7,8,

r.t. (25)

25

10-40

30
30

10-40

1.0

2.5

5.0-20

5.0

5.0, 10, 15, 20

5.0

Information
not
mentioned

1-16

1-16

106-156

156

114

122

106
5.2

20-500

100

100

20, 100, 200, 500
100
50

50

Cr(VI)

Cr(VI)

Cr(VI)

Cr(VI)

Cr(VI)
Cr(VI)

Cr(VI)

Cr(VI)

98.8 (pH 2), 83.2 (pH 5) Mono
elemental
67.6 Multi
elemental
67.6
46.8
312
97% (pH 2), 97% (pH 5), 86%
(pH 8)
41.6
66% Mono
~64% elemental
11%
~0%
82.2 Mono
75% (pH 5, 50 x10° pg/L) elemental
~2-15 (pH 4)
~4-15 (20 000 mg/L)
82.2
11.4-15.6 (40°C)
75%
70% Multi
elemental
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[63]

[98]

[76]

NHTO

Nanoparticles of hydrou:

titanium(IV) oxide

o-Fe,0O; NPs
Hematite nanoparticles

Fes04-y-Fe203 NPs
Magnetite-maghemite
nanoparticles

Distilled water 2.0
2.0
2.0
Industrial 2.06
effluent
wastewater
Dilute 3-8
simulated
landfill
leachate
3.0,4.0,
5.0, 6.0,
7.0,8.0
6.7
6.7
De-ionized 2-14
water
2-14
3
4

30

30

30

30

20-35

20

r.t.

r.t.

1000-3000 mg
(packed column)

1000
2000
3000

2000

4000

0.50-3.0

1.0

0.50, 1.0, 2.0, 3.0

0.40

0.40

0.40

0.40

0.013-0.026 8.0-32.0
0.013 16.0
0.026
0.039
0.026 8.0
16.0
32.0
0.026 15.67
0-24 20-200
0-24 20
50
5.0 100
200
0-24 20
20
0.17-4 1-2
24 1
2
0.17-4 1
2

Cr(VI)

Cr(VI)

Cr(VI)

Cr(VI)

Cr(VI)

Cr(VI)

12.94 ¢ (32.0 x10° pg/L)

10.13°
11.75°
12.53°

7.31°
11.75°
12.94°

~100%

~90% (pH 3)

86.5%
77.0%
69.3%
57.0%

~20-90% (pH 3)

57.2% (500 mg/L), 63.5%
(1000 mg/L), 82.5% (2000
mg/L), 88.0% (3000 mg/L)

~50%

96% (pH 2, 1 x10° pug/L)
4.45 (pH 2,2 x10° pg/L)

0-96% (pH 2) / 0-2.4 (pH 2)

Mono
elemental

Multi
elemental

Mono
elemental

Multi
elemental
Mono
elemental

0-85% (pH 2) / 0-4.45 (pH 2)

70-92% (2 h)
60-85% (2 h)

35-90%

Multi
elemental
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[99]

[100]

Ch-(Cu°%) Deionized 2.85 25 2 24 50 Cr(VI) 95.58% Mono
Zero-valent copper- water 4.85 94.2% elemental
chitosan nanocomposites
Magnetic NPs: Milli-Q water 2.0-9.3 225 5.0 0-1.0 20-100 Cr(VI) 100% (MnFe,0y, 0.083 h) Mono
elemental
MnFe&0, 2.0 225 5.0 0-1.0 100 ~100% (0.083 h)
MgFe&0, ~85% (0.75 h)
ZnFe0, ~60% (0.5 h)
CuFe0O, ~50% (0.33 h)
NiFe,0,4 ~30% (0.25 h)
CoFeO, ~20% (1 h)
MnFe&0, 293 5.0 99.5% (pH 2)
MgFe0, ~10-85% (pH 2)
ZnFe0, ~5-60% (pH 2)
CuFe0, ~5-50% (pH 2)
NiFe,0,4 ~0-30% (pH 2)
CoFe0Oy, ~0-20% (pH 2)

®Nonlinear Pseudo-second-order mo8eseudo-second-order modeangmuir type 4 capacitfLangmuir type 1 capacitfThomas model column capacitRoom temperature.

Note that,

the conditions that are shaded correspond to tsieuptake capacity or removal efficiency obtained,;

in general, when the type of water is not referted,authors may have used distilled or milli-Q avat

in the column correspondent to “Cr starting spedietal chromium concentration was quantified ia thorks that refer it; in the other works no memtis made regarding the
specie or if it is total concentration;

in the column correspondent to “Uptake capacity/@hor removal efficiency (%)”, when the value does present units, it is the uptake capacity; wtise, it is the removal
efficiency;

the value presented in parentheses in the colunptaké capacity (mg/g) or removal efficiency (%) ri@sponds to the condition that gave rise to tHeevaf uptake capacity or
removal efficiency presented;

the uptake capacity values which do not presensdacript were obtained either experimentallyyot.&ngmuir model;

sometimes, the authors refer to experimental cmditof experiments whose results they do not ptese

from column “Type of water” until “Cr starting spet, the conditions mentioned are the same folbilew lines
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HIGHLIGHTS

Nanomaterials are a promise for effective water contaminants treatment;

Knowledge gaps on the evaluation of works published on chromium remova from
waters;

Present work presents major experimental conditions influencing removal efficiency;

Research undertaken so far and the conditions used on this topic is here compiled.



