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INTRODUCTION

Dyes and heavy metals contamination in water are asso-
ciated with danger in human health due to their toxic, carcino-
genic and mutagenic effects [1]. The accumulation of dyes
and heavy metals in water leads to bioaccumulation in aquatic
biota and pose serious health risks that significantly affect the
biodiversity in the environment. Dyes and heavy metals used
during the industrial processing find their way in mixing with
surface water through effluents from textiles, metal plating,
fertilizers, pharmaceutical, mineral processing industries [2].
Due to the toxic effects of industrial wastewater, there is a need
to treat the dyes and heavy metals contaminated water to preserve
the environment. A wide variety of treatment methodologies
were in current use with different degree of success, such as
chemical precipitations [3], photocatalysis [4], electrochemical
method [5], reverse osmosis [6], adsorption [7,8], etc. Of all
the treatment methods, adsorption has gained significant interest
in testing novel materials by researchers due to its simplicity,
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the highest efficiency in the removal of pollutants. In literature,
novel foam adsorbents were prepared and used as efficient adsor-
bents in adsorption studies. Moreover, some foam adsorbents
proved to be promising materials in dyes and heavy metals
removal and this have created interest to various researchers
and scientists to develop novel foam adsorbents with superior
adsorption capacity [9]. The development of novel foam adsor-
bents and their improved efficiency in removal of dyes and
heavy metals in contaminated water and this has gained signifi-
cant interest among researchers.

Toxic dyes and heavy metals: Dyes are needed for indus-
trial process to colour variety of products. The dye contami-
nated water leads to various health issues that affect kidney,
liver, brain, central nervous system and skin problems [10]. The
existence of dyes in surface water imparts colour even at very
low concentrations and resists the entry of light and harms the
aquatic systems. The non-biodegradable dyes from textile,
paper and pulp, paint and tannery industries if improperly
managed significantly alters the quality of soil and water and
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slowly depletes the precious natural resources. Toxic metal
ions that pollute water have also gained global attention due
to its non-biodegradable nature. Toxic metals which are of
primary concern in surface water include arsenic, mercury,
lead, cadmium and chromium.

These heavy metals find their way into the streams through
various industries like metal coating, batteries, metal moulding,
etc. [11]. Accumulation of poisonous metal ions in water retards
the health of aquatic species and passes through the food chain
through bioaccumulation and biomagnification [12]. Hence,
industrial effluent containing toxic dye and metal ions is gain-
ing more priority and strict standards were imposed on the
quality of effluent disposal. Various treatment methods were
reported in literature for environmental remediation with varying
success rate. Among those methods, adsorption technique is
preferentially selected by researchers in testing the novel mate-
rials in industrial wastewater treatment process. Fig. 1 shows
the general categories of novel foam adsorbents.

Types of novel foam adsorbents: Based on the foam
matrix, it is clear that novel foam materials can be classified
into carbon foam, chitosan foam, metal foam, polymer foam
and other foam adsorbents and confer the adsorption perfor-
mance in dyes and heavy metals removal.

Carbon foam adsorbents: Carbon foams also have distin-
ctive features such as light weight, high porosity, adjustable
electrical and thermal conductivity [13] and are commonly
used in catalysis, energy, chemical and environmental protection.
Carbon foams are ideal to be used in wastewater treatment as
they are easy to recover. In literature, carbon foam materials
have gained significant attention due to their higher adsorption
performance. Hence, carbon foams were observed to be efficient

materials in dyes and heavy metals removal. Also, recent rese-
arch reports that some efficient carbon foam adsorbents with
good chelating functionality helps to trap dyes and heavy metals
for environmental remediation [9,14-18].

Chitosan foam adsorbents: Chitosan is commonly used
polysaccharides obtained from chitin and possess greater affinity
for dyes and heavy metals. Chitin is insoluble in lot of solvents
due to its crystalline nature and hence this provides the hydro-
phobic stability to its composite foam in aqueous solution [19].
The presence of more active sites like hydroxyl (-OH) and amino
(-NH>) group in chitosan provides high adsorption performance
in dye and heavy metal removal [20,21]. Chitosan was reported
to have good adsorption in its modified form. Chitosan in its
crystalline form as adsorbent affects the adsorption capacity
[22]. The decrystallized form of chitosan has proved to have
good dye adsorption performance because of the availability
of amino groups [23]. Similarly, the incorporation of suitable
materials with chitosan is also of significant interest to
researchers due to their potential reactivity with dyes and metal
ions.

Metal foam adsorbents: Silica foam adsorbents were
developed as novel materials with binding sites located on the
surface and provide easy access to the adsorbate for good adsor-
ption performance [24]. The synthesis of Fe-Cu binary oxide
and using it in the arsenic ion removal is a good option since
Cu(II) and Fe(III) ions have a potential affinity to bind arsenic
ions. Also, the binding of arsenic on CuO is not pH dependent,
hence, Cu,Fe,O4foam was developed as an efficient adsorbent
in arsenic adsorption [25]. These adsorbents were reported to
have active surface functional groups that resulted in highly
efficient materials in dyes and metal ions adsorption.

Foam adsorbents
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Fig. 1. Categories of novel foam adsorbents
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Polymeric foam adsorbents: Polyurethane foams were
reported to have light weight, porous structure and widely used
in industrial effluent treatment applications. The addition of
some reagents/materials into polyurethane foam was reported
to increase the efficiency in adsorption of dye and heavy metals.
In the synthesis of polyurethane foams (PUFs), recently, resear-
chers used polysaccharides to get “biofoams” which are efficient
materials with high surface area and increased porosity [26].
Polymeric foam having controllable pore space can protect
certain functional groups and zero-valent metal particles in its
matrix and hence possess strong selectivity for toxic metal ions
removal.

Carbon foam adsorbents: Carbon foams were prepared
from suitable mixed/modified carbon materials like graphene,
carbon nanotubes, multi-walled carbon nanotubes (MWCNTs),
etc. to prepare novel carbon foam adsorbents [9,14,15] and
tested its adsorption performance in elimination of both dyes
and/or heavy metals.

Carbon foam adsorbents for dyes removal: Priyanka
& Saravanakumar [9] extracted the starch induced zinc oxide
carbon foam (Zn-CFst) and examined the carbon foam’s effec-
tiveness towards adsorption of crystal violet, malachite green
and Congo red dyes. The Zn-CFst was identified by an assess-
ment of FTIR, XPS and BET. BET analysis has reported the
extremely porous condition of Zn-CF, sample having an average
pore diameter of 31 A. The study concluded that the ultra-high
adsorption capacity of carbon foam in dyes removal (crystal
violet, malachite green and Congo red) was due to dipole-
dipole H-bonding, Yoshida H-bonding, interaction of n-m and
interaction of 7-7. The Zn-CFst exhibited superior adsorption
capacity for crystal violet (25000 mg/g), malachite green (1200
mg/g) and Congo red (1428 mg/g). Ong et al. [14] synthesized
iron nanoflorets composite on macroporous grap-hene foam
(INFGN) and investigated the usefulness of the adsorbent in
removal of Congo red dye. The INFGNSs inter-active behaviour
with Congo red was analyzed using adsorption isotherms and
the adsorption capacity was found to vary from 1191.47-
1552.80 mg/g. The INFGN was easily recovered by direct
lifting as it had sturdy foam like structure. The authors concl-
uded that the material developed (INFGN) showed greater
potential for water remediation. Zhang et al. [15] synthesized
novel hierarchical stiff carbon foam (HSCF) and tested it as a
bulk adsorbent towards removal of malachite green dye. The
HSCF was described by SEM, XRD, FTIR and XPS. The adsor-
ption of HSCF onto malachite green dye was examined in batch
mode and the adsorption capacity was observed to be 425.2 mg/g.

Vijwani et al. [16] synthesized CNT-foam hybrid structure
(RVC-CNT 40) and studied its adsorption onto methylene blue.
The carbon foam hybrid structure was characterized by FE-
SEM and the depth profile analysis of CNT carpet length was
studied. The CNT foam adsorption onto methylene blue was
analyzed using Langmuir isotherm and the adsorption capacity
was observed to be 43.5 mg/g. Chen et al. [17] synthesized
chitosan (CS)/rectorite (REC)/carbon nanotubes (CNTs) com-
posite foam (CS/REC/CNTs) and studied its adsorption onto
methyl orange. The FE-SEM image of CS/REC/CNTs foam
showed porous structure of the material. The CS/REC/CNTs

foam was investigated for the adsorption of methyl orange and
the adsorption capacity was observed as 41.65 mg/g. Yu &
Fugetsu [18] synthesized foam like CNT based adsorbent and
tested its adsorption performance in the removal of dyes
ethidium bromide, acridine orange, methylene blue, eosin B
and eosin Y. The adsorption capacity was observed 625 Lg/g
for acridine orange, 476.19 pg/g for methylene blue, 384.62
umol/g for ethidium bromide, 270.27 pmol/g for eosin B and
250 umol/g for eosin Y, respectively.

Carbon foam adsorbents for heavy metals removal:
Lei et al. [27] synthesized three dimensional graphene oxide
foam (GOF) and explored its adsorption performance in the
elimination of heavy metal ions. The synthesized GOF was
reported to have abundant oxygen possessing functional groups
on its surface and large surface area (578.4 m*/g). The GOF
has been analyzed for its adsorption onto metal ions such as
Fe(III), Pb(I), Zn(II) and Cd(I) from aqueous solution. The
adsorption capacity is reported to be 587, 381.3, 326.4 and
252.5 mg/g for Fe(IIl), Pb(Il), Zn(II) and Cd(II), respectively.
Lee et al. [28] synthesized phenolic resin based carbon foam
with a well-developed open cell structure and reported high
BET surface area (458.59 m*/g). The carbon foam was investi-
gated for the elimination of Pb(II) and Cu(II) using batch mode
adsorption studies and the adsorption capacity was found to
be 491 and 247 mg/g, respectively. Chen et al. [29] synthesized
three dimensional graphene foam (GO) with higher electrical
conductivity of 125 S/cm and larger surface area of 625.4 m*/g.
The GO foam adsorption was systematically studied by varying
pH, adsorption time and solution temperature. The GO foam
was observed to show excellent adsorption capability for As(V)
(177.6 mg/g) and Pb(II) (399.3 mg/g) that validated its poten-
tial applications in environmental remediation.

Phytic acid induced graphene macrostructure was synth-
esized by Tan et al. [30] as a potential graphene foam to remove
heavy metal ions. The PAGF was tested for Hg(II) adsorption
and various experimental parameters were optimized. The
isotherm data of PAGF suited well to Langmuir model and the
adsorption capacity at pH-7.2 for Hg(II) removal was 361.01
mg/g. Li et al. [31] synthesized MgO hybrid sponge like
carbonaceous composite (HSC) and studied its elimination of
As(V) and Pb(II) from aqueous solution. The HSC foam adsor-
ption onto As(V) and Pb(Il) was observed as 157 and 103 mg/g,
respectively. Zhang et al. [15] synthesized chitosan-cellulose
magnetic carbon foam (CCMF) and investigated the removal
of Cu(Il) from industrial sewage. The CCMF adsorption onto
Cu(Il) was found to correlate well with Langmuir model and
the adsorption capacity was observed as 115.65 mg/g at pH 6
and 30 °C. Fe,Os-Carbon foam has been synthesized and the
adsorption performance for Cr(VI), Cu(Il) and Ni(II) ions has
been studied. The carbon foam was found to have an adsorption
capacity of 6.7, 3.8 and 6.4 mg/g for Cr(VI), Cu(Il) and Ni(II),
respectively. Graphite intercalation compound (GIC) function-
alized phenolic resin based carbon foam (GICCF) was synthe-
sized by Agrawal et al. [32] and they studied its adsorption
capacity for As(V) ions from polluted water. The GICCF was
characterized by XRD, FTIR and XPS to confirm the adsor-
ption mechanism of As(V) onto the surface of GICCF. The
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adsorption capacity was observed as 62.5 pug/g. Wang et al. [33]
synthesized B-cyclodextrin functionalized 3-D structured
graphene foam (CDGF) and confirmed the successful grafting
of B-CD onto GF by means of SEM, BET, XRD, FTIR and
XPS analysis. The CDGF adsorption onto Cr(VI) was examined
in batch mode and the adsorption capacity was observed as
107 mg/g. Khan et al. [34] synthesized multiwalled carbon
nanotubes and diamond nanoparticles reinforced carbon foam
(CFF/MWCNT-DNPs) and investigated its adsorption onto Ni(II)
and Cd(II) from aqueous solutions. The carbon foam was found
to have maximum adsorption percentage of 84.6% and 86.9%
for Ni(IT) and Cd(II) ions.

Table-1 presents the adsorption capacity of some carbon
foam adsorbents used in dyes and heavy metals removal. The
adsorption capacity data (>400 mg/g) of all carbon foam adsor-
bents used in dye removal, Zn-CF [9], INFGN [14] and HSCSF
[13] foam adsorbents were found to possess high adsorption
capacities. In heavy metals removal, GOF [27] and phenolic
resin based carbon foam [28] was reported to have good adsor-
ption performance. Accordingly, superior adsorption potential
of novel carbon foam materials is clear in the removal of dyes
and heavy metals.

Chitosan foam adsorbents for dyes and heavy metals
removal: Chitosan foam adsorbents were prepared by various

researchers [16,37,38] and its adsorption performance was
tested towards the removal of dyes and heavy metals.

Chitosan foam adsorbents for dye removal: Kim ef al.
[37] synthesized DAC cross-linked cellulose chitosan foam
(CCLBD) and studied its adsorption onto Congo red dye. The
CCLBD foam was reported to have long nanofibrils intercon-
nected with pores ranging from 40-200 nm wide and the specific
surface area of the foam was observed to be 230 m%/g. The
CCLBD adsorption ability for Congo red dye was reported to
be 1548.2 mg/g. Chitosan-cenospheres nanosyntactic foam
(Cs-C, foam) was synthesized by Markandeya et al. [38] and
was applied its adsorption efficiency for disperse orange 25
and disperse blue dyes from the aqueous solution. The C,-C,
nanosyntactic foam adsorption onto the dyes reached equili-
brium within 120 min at optimized pH 6, 0.2 g/L adsorbent
dose and 40 mg/L dye concentration with the shaking speed
of 200 rpm. The C,-C, nanosynthactic foam was found to have
high adsorption capacity of 500 and 500.4 mg/g for disperse
orange 25 and disperse blue dyes, respectively.

Da Rosa Schio et al. [39] synthesized bio-based poly-
urethane/chitosan composite foam (PU/chitosan foam) and
tested its adsorption onto food red 17(FR 17) dye from aqueous
solution. The adsorption of FR 17 dye onto PU/chitosan foam
was optimized (pH 2 using 1 g of adsorbent at 328 K). The

TABLE-1
CARBON FOAM ADSORBENTS IN DYE REMOVAL HEAVY METAL REMOVAL
S. No. Carbon foam adsorbents Dye Adsorption capacity Ref.
Carbon foam adsorbents in dye removal
1 Zn-CF,, Crystal violet 25000 mg/g [9]
Malachite green 1200 mg/g
Congo red 1428.57 mg/g
2 INFGN foam Congo red 1191.47-1552.80 mg/g [14]
3 HSCSF Malachite green 425.2 mg/g [15]
4 RVC-CNT 40 Methylene blue 43.5 mg/g [16]
5 CS/REC/CNTs Methyl orange 41.65 mg/g [17]
6 CNT based foam AO 625umol/g [35]
Methylene blue 476.19 pumol/g
Ethidium bromide 384.62 umol/g
Eosin Y 270.27 umol/g
Eosin B 250 umol/g
Carbon foam adsorbents in heavy metal removal
7 GOF Fe(III) 587 mg/g [27]
Pb(II) 381.3 mg/g
Zn(II) 326.4 mg/g
Cd(In) 252.5 mg/g
8 PR Carbon foam Pb(II) 491 mg/g [28]
Cu(II) 247 mg/g
9 GO foam Pb(II) 399.3 mg/g [29]
As(V) 177.6 mg/g
10 PAGF Hg(II) 361.01 mg/g [30]
11 HSC As(V) 157 mg/g [31]
Pb(II) 103 mg/g
12 CDGF Cr(VI) 107 mg/g [33]
13 CCMF Cu(II) 115.65 mg/g [13]
14 Fe,O,-Carbon foam Cr(VI) 6.7 mg/g [36]
Cu(II) 3.8 mg/g
Ni(II) 6.4 mg/g
15 GICCF As(V) 62.5 ug/g [32]
16 CEF/MWCNT-DNPs Ni(II) - [34]

CddI)
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authors demonstrated that PU/chitosan foam was a potential
adsorbent with an adsorption capacity of 267.24 mg/g. Graphene
oxide/chitin nanofibrils (GO-CNF) composite foam was studied
by Ma et al. [40] for removal of methylene blue. The GO-CNF
foam was reported to have higher crystalinity, porous network
structure and interfacial adhesion that arises from electrostatic
interaction and hydrogen bond amid GO and CNF.

The adsorption of GO-CNF foam was well suited to the
Langmuir model and adsorption capacity has been found to
be 173.3 mg/g. Hydrophobically modified chitosan (HMCS)
foam was prepared by Vo & Lee [22] and studied its adsorption
onto methyl orange. The HMCS foam adsorption capacity was
improved because of both electrostatic attractions and hydro-
phobic interactions. The adsorption of HMCS foam followed
Langmuir isotherm and the adsorption capacity was observed
to be 168 mg/g. Wang et al. [41] synthesized biporous bioins-
pired chitosan foams (CS-EA) by a unidirectional freeze drying
method (UFDM) thereby studied its adsorption onto xylenol
orange dye. The adsorption capacity of CS-EA foam was found
to be 122 mg/g.

Chitosan foam adsorbents for heavy metals removal:
Novel chitosan foam was prepared by Allouche ez al. [21] and
successfully applied its adsorption onto Hg(II) ions. The sorp-
tion capacity of chitosan foam onto Hg(IT) was found to be 350
mg/g. Chitosan-vermiculite bionanocomposite foams was
synthesized by Padilla-Ortega et al. [42] and used as the adsor-
bent for Cd(II) removal in aqueous media, where its capacity
was found to be 125 mg/g.

Su et al. [43] synthesized zero-valent iron/chitosan comp-
osite foam (ICCFs) as adsorbent to eliminate As(III) and As(V)
ions from aqueous solution. The ICCFs honey comb like porous
material showed a good adsorption performance in As(IIl) and
As(V)ions with 114.9 and 86.87 mg/g, respectively. Similarly,
Chitosan foam was prepared by Kaminski et al. [44] and its
adsorption onto Cu(Il), Zn(IT) and Cr(VI) ions were well charac-
terized by the isotherm models. The authors also observed the
good mechanical properties and high porosity which enhanced
the sorption process.

The adsorption performance based on chitosan foam adsor-
bents in dyes and heavy metals removal are shown in Table-2.
It is observed that CCLBD foam [37] and Cs-Cn foam [38]
were reported to have an adsorption capacity > 400 mg/g and
chitosan foam adsorbent prepared by Allouche et al. [21]
reported to have an adsorption capacity of 350 mg/g, signi-
ficantly greater than other adsorbents in heavy metals removal.
Thus, adsorption of dyes and metal ions by chitosan foam adsor-
bents prove the efficiency of these novel foam adsorbents in
water treatment.

Metal foam adsorbents: Metal foam adsorbents were
observed to be highly effective in the removal of dyes and
metal ions [35,45]. A new porous copper-nickel foam electrode
attuned with graphene oxide/polypyrrole (GO-ppy @ CNF) was
synthesized by Yu et al. [35] and they studied its electrosorption
of rhodamine B dye. The GO-ppy @ CNF was reported to have
porous interconnected nanodendritic structure with greater
functional groups of GO-ppy which significantly increased
the sorption performance. The results of GO-ppy @ CNF electro-
sorption onto thodamine B was found to fit well with Langmuir
isotherm (Q, =416.7 mg/g) and adapted pseudo-second order
kinetics. Snoussi et al. [45] synthesized polyethylenimine funct-
ionalized mesocellular silica foam (pPEI-MCF) and they studied
its adsorption of Cd(Il) ions from the aqueous solution. The
hybrid foam material showed high affinity to the Cd(II) uptake
reaching 625 mg/g and thus proves favourable adsorption at
the lower concentration.

Graphene oxide/copper ferrite foam (CCFF) was synthe-
sized by Wu et al. [46] and its adsorption behaviour towards
As(IIT) and As(V) ions were optimized. The authors concluded
that GCFF is an efficient adsorbent in arsenic removal with
the adsorption capacity of As(III) and As(V) of 51.64 and
124.69 mg/g, respectively. Sharifpour et al. [19] synthesized
mesocellular silica foam functionalized by polymixin B and
the monolayer adsorption capacity has been reported as 48.31
and 36.50 mg/g for Cu(Il) and Zn(II) ions, respectively. Wu et
al. [46] synthesized highly porous copper ferrite foam (CFF)
and analyzed its efficiency to remove arsenic from aqueous

TABLE-2
CHITOSAN FOAM ADSORBENTS IN DYE AND HEAVY METAL REMOVAL
S. No. Carbon foam adsorbents Dye/ Heavy metal Adsorption capacity Ref.
Chitosan foam material adsorbents in dye removal

1 CCLBD Congo red 1548.2 mg/g [37]
2 Cs-Cn foam Disperse orange 25 500 mg/g [38]

Disperse blue 500.4 mg/g
3 PU/Chitosan foam Food red 17 267.24 mg/g [20]
4 GO-CNF 40 Methylene blue 173.3 mg/g [19]
5 HMCS foam Methyl orange 168 mg/g [22]
6 CS-EA Xylenol orange 122 mg/g [41]

Chitosan foam material adsorbents in heavy metal removal

7 Chitosan foam Hg(I) 350 mg/g [21]
8 VU/CHT Cd(I) 125 mg/g [42]
9 ICCFs As(1II) 114.9 mg/g [43]

As(V) 86.87 mg/g
10 Chitosan foam Cu(II) - [44]

Zn(II) -

Cr(VI)
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solution. The adsorption capacity of CFF in As(III) and As(V)
ions removal was observed as 44 and 85.4 mg/g, respectively.
Nano mesocellular foam silica (MCFs) was synthesized by Li
& Zhai [47] and studied its adsorption of Ni(II) from aqueous
solution. The optimum adsorption conditions on the adsorption
of Ni(II) by MCFs were examined and the adsorption capacity
was observed as 7.69 mg/g.

Table-3 presents some of the metal foam adsorbents that
were reported in the removal of dyes and heavy metals with
its adsorption capacity. Among all the metal foam adsorbents,
the adsorption performance of pPEI-MCF [45] is compara-
tively better in Cd(II) with the adsorption capacity of 625 mg/g.
This is followed by GO-ppy @CNF [35] in rhodamine B dye
removal with an adsorption capacity of 416.7 mg/g. Hence, it
is clear that metal foam adsorbents are efficient in the removal
of dyes and heavy metals ions.

Other foam adsorbents: In search of novel adsorbents,
researchers synthesized alginic acid foam [48] tannin foam
[49], geopolymeric foam [50] and analyzed their adsorption
performance in heavy metals ions removal.

Sodium alginate foam (H-F) was prepared by Pettignano
et al. [48] for the adsorption of a basic dye (methylene blue)
from aqueous solution. The adsorption properties of H-F were
evaluated by selecting a basic dye (methylene blue) as the
carboxylic functional group available in H-F, which might
permit the development of acid-base interaction. The Qy, value
obtained from Langmuir model for the adsorption of methylene
blue on the H-F foam was found to be 1201 mg/g. Tannin rigid
foams (TRF) were synthesized by Sanchez-Martin et al. [49]
and used for the removal of methylene blue dye. The adsorption
capacity of TRF has been observed as 215.8 mg/g. Biobased
epoxy thermosetting foam (ETA foam) was synthesized by
Esmaeili et al. [51] and this foam showed favourable adsorption
performance for methylene blue dye and the higher adsorption
capacity from Langmuir isotherm was reported as 36.25 mg/g.

Ma et al. [40] synthesized porous cellulose based foams
with best loading of zeolitic imidzolate framework-8 (ZIF-8
@CNF@cellulose foam) and reported the adsorption capacity
of methylene blue dye and chromium(VI) as 24.6 and 35.6
mg/g, respectively. Khatib et al. [50] synthesized geopolymeric
foam (60-malachite green foam) which possessed a high adsor-
ption capacity of Cd(II), making it a promising material in the
environmental remediation.

An efficient and recyclable floatable alginate based attap-
ulgite foam (SA/ATP) adsorbent was synthesized by Wang et al.

[52] and examined for the removal of heavy metals ions. The
adsorption capacity of SA/ATP foam for Cu(Il) is 119.0 mg/g
and 160.0 mg/g for Cd(II), respectively. The lower density of
SA/ATP foam makes them float and easier to recycle. There-
fore, this porous foam was reported to be environmental friendly
and low-cost adsorbent for the removal of heavy metal in large-
scale applications. Zeolite foam geopolymer (ZFG) was synthe-
sized by Han et al. [53] and analyzed the possibility of this
innovative material in Pb(II) adsorption. The ZFG was reported
to have lower apparent density (approximately 355 kg/m?) and
higher compressive strength (1.03 MPa to 2.96 MPa). The adsor-
ption equilibrium time was as fast as 60 min in Pb(II) removal
from aqueous solution. The adsorption capacity in Pb(I)
removal was reported to be 123.2 mg/g.

Cashin et al. [54] synthesized sinapinaldehyde function-
alized mesocellular foam (SA-MCF) and studied its adsorption
efficiency in Pb(II) removal. The novel SA-MCF possessed
the adsorption capacity of 48.3 mg/g. Pan et al. [55] synthesized
Hierarchical porous foams (HPFs) and tested its adsorption
for Cu(Il) removal. The HPFs were reported to have active
binding sites that can beneficially capture Cu(Il) ions. The
adsorption capacity of HPFs for Cu(II) removal was observed
as 21.79 mg/g at 288 K.

Foamed urea-formaldehyde microspheres (UF) were syn-
thesized by Qu et al. [56] and studied its removal of Pb(II)
from aqueous solution. The UF foam was found to be effective
in Pb(II) adsorption and its adsorption capacity was 21.5 mg/g.
Turco et al. [57] synthesized environmental friendly poly-
dimethylsiloxane (PDMS) foam with a mussel inspired poly-
dopamine (PDA) (PDMS/PDA) and studied its adsorption for
the removal of Cu(Il) ions. The adsorption capacity was found
to be 16.47 mg/g. Tannin based rigid foam (TBRF) was synthe-
sized by Tondi et al. [58] for the adsorption of Cu(Il) and
Pb(II) ions. The TBRF was reported to adsorb up to 12% of
Cu(Il) and 20.1% of Pb(Il) ions. Natural rubber composite
foam was synthesized by Prapruddivongs & Thomyasirigul [59]
and tested its adsorption of Pb(II) from aqueous solution. The
inclusion of SiO; into the rubber foam improved the blowing
efficiency and hence favoured Pb(Il) ion diffusion in to the
rubber matrix.

Table-4 listed some adsorbents with varying foam matrix
(other foam adsorbents) which are unique in dyes and heavy
metals adsorption performance. Among all other foam used
adsorbents in the removal of dyes and heavy metals, it is obser-
ved that alginic acid foam (H-F) [48] had superior adsorption

TABLE-3
METAL FOAM ADSORBENTS IN DYE REMOVAL HEAVY METAL REMOVAL
S. No. Metal foam adsorbents Dye/heavy metal Adsorption capacity Ref.
1 »PEI-MCF Cd(I) 625 mg/g [45]
2 GO-ppy @CNF Rhodamine B 416.7 mg/g [35]
3 GCFF As(V) 124.69 mg/g [46]
As(1II) 51.64 mg/g
4 MCSiF-PM-B Cu(Il) 48.31 mg/g [24]
Zn(II) 36.50 mg/g
5 CFF As(1II) 44 mg/g [25]
As(V) 85.4 mg/g
6 MCFs Ni(II) 7.69 mg/g [47]




Vol. 33, No. 3 (2021)

Novel Foam Adsorbents in Dyes and Heavy Metals Removal: A Review 505

TABLE-4
OTHER FOAM ADSORBENTS IN DYE AND HEAVY METAL REMOVAL
S. No. Other foam adsorbents Dye/heavy metal Adsorption capacity Ref.
1 H-F Methylene blue 1201 mg/g [48]
2 Geopolymeric foam Cd(II) 280 mg/g [50]
3 TRF Methylene blue 215.8 mg/g [49]
4 SA/ATP foam Cu(II) 119 mg/g [52]
CddI) 160 mg/g
5 ZFG Pb(II) 123.2 mg/g [53]
6 ETA foam Methylene blue 36.25 mg/g [51]
7 ZIF-8 @CNF@Cellulose foam Rhodamine B 24.6 mg/g [40]
Cr(VI) 35.6 mg/g
8 SA-MCF Pb(I) 48.3 mg/g [54]
9 HPFs Cu(II) 21.79 mg/g [55]
10 Foamed UF Pb(I) 21.5 mg/g [56]
11 PDMS/PDA foams Cu(II) 16.47 mg/g [57]
12 TBRF Cu(II) - [58]
Pb(II) -
13 NR foam Pb(I) - [59]

performance (1201 mg/g) in dyes removal. This is followed
by geopolymeric foam [50] in Cd(II) for metal ions removal.
Accordingly, adsorption capacity of some novel foam adsor-
bents proved efficient in environmental remediation of dyes
and heavy metals.

Polymer foam adsorbents: Most of the studies in polymer
foam adsorbents used polyurethane foam [60] in preparing
the polymer and testing its adsorption. Lefebvre et al. [61]
synthesized combined polydopamine polyurethane open cell
foam (OCPUF@PDA @AC) with carbon media and studied
its adsorption of methylene blue from aqueous solution. The
adsorption capacity of methylene blue by OCPUF@PDA @AC
was observed to be 245 mg/g at 298 K. Novel polyurethane
foam material adjusted with coal (C/PUF) was evaluated by
Kong et al. [62] and analyzed its adsorption in the removal of
brilliant green dye from aqueous solution. The brilliant green
adsorption by C/PUF was optimized and the highest adsorption
efficiency was reported to be 99.40%. The isotherm studies
indicate monolayer adsorption onto C/PUF and the adsorption
capacity was observed as 134.95 mg/g. Moringa oleifera gam
based bifunctional polyurethane foam (MOG-PUF) was synth-
esized by Ranote et al. [26] studied its adsorption for malachite
green dye from aqueous solution. Batch mode adsorption
studies over the removal of malachite green using MOG-PUF
revealed that almost 100% of malachite green was removed
within 30 min. The adsorption method followed Langmuir
isotherm with highest adsorption capacity of 125.945 mg/g.

Novel cellulose nanowhiskers based polyurethane foam
(CNW-PUF) was synthesized by Kumari et al. [63] and studied
its removal of methylene blue dye as a model pollutant from
aqueous solution. The effect of contact time on methylene blue
by CNW-PUF was studied and the adsorption equilibrium was
reported as 20 min. The isotherm study shows that the adsor-
ption of methylene blue on CNW-PUF followed monolayer
adsorption process with higher adsorption capacity of 110.5
mg/g. Centenaro et al. [64] synthesized polyurethane foam
chitosan coated (PU chitosan coated) and studied its adsorption
of reactive blue dye (RB 198). The adsorption capacity was
observed as 86.43 mg/g. Mohammadi et al. [65] synthesized

p-tert-butyl thiacalix[4]arene (TC4A) based polyurethane foam
(TC-PUF) and tested it adsorption performance in malachite
green dye removal. The TC-PUF was reported to have an adsor-
ption capacity of 58.82 mg/g. Lefebvre et al. [66] synthesized
polydopamine coated open cell polyurethane foam (OCPUF @
PDA) and tested its adsorption of methylene blue from aqueous
solution. The adsorption capacity was observed as 30.2 mg/g.
Polyether type polyurethane foam (PUF) was prepared by
Baldez et al. [67] and studied its adsorption of methylene blue.
The adsorption capacity was reported as 20.4 mg/g. Porous multi-
functional fluoropolymer composite foams were also prepared
and its adsorption of methylene blue from aqueous solution was
studied. The adsorption capacity of this fluoropolymer to adsorb
methylene blue was observed as 10.25 mg/g of foam.

Yang et al. [68] synthesized polyurethane foam filled with
humic acid chitosan cross-linked gel (HA-CS-PUF) and studied
its adsorption in methylene blue, rhodamine B and methyl
orange. The HA-CS-PUF was found to have an adsorption
capacity of 10.31, 8.26 and 5.29 mg/g for methylene blue,
rhodamine B and methyl orange, respectively. Polyurethane
foam (PUF) was prepared by Neta et al. [39] and investigated
its adsorption in removal of direct red 81 and reactive blue 21
from aqueous solution. The adsorption capacity of PUF for
direct red 80 and reactive blue 21 was observed as 4.50 and
8.31 mg/g, respectively. Polyurethane foam comprising of
cellulose from wood furniture industry waste (PU/CEL) was
characterized by Gées et al. [69] and tested its adsorption perfor-
mance in methylene blue, procion yellow HE-4R and procion
red HE-7B dye. The adsorption capacity was observed as 1.83,
1.63 and 2.19 mg/g for methylene blue, HE-4R and HE-7R,
respectively. Robaina et al. [70] synthesized polyurethane foam
loaded with SDS(PUF/SDS) and examined the adsorption of
four cationic dyes. The PUF/SDS was tested for the removal of
methylene blue, thodamine B, crystal violet and malachite
green dye. The adsorption efficiency was reported to be good
(> 90%) for the dye solution containing 2 x 10~ and 1.0 x 10
mol/L of each dye.

Polymer foam adsorbents in heavy metal removal:
Carboxymethylated cellulose nanofibrils (CMCNFs) embedded
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in polyurethane foam (PU/CMCNFs) was synthesized by Hong
et al. [60] studied the adsorption efficiency of three divalent
metal ions Cu(Il), Cd(II) and Pb(II). The pH of the solution
was maintained at 5 in the adsorption of metal ions onto PU/
CMCNFs for avoiding the precipitation of metal hydroxides.
The adsorption capacity of PU/CMCNF was observed as 216.1
mg/g for Pb(Il), 78.7 mg/g for Cu(Il) and 98 mg/g for Cd(II).

Vali et al. [71] prepared hydroxyapatite/polyurethane
(Hap/PU) composite foam and studied its adsorption of Pb(II)
from aqueous solution. This composite foam was reported to
exhibit well developed open pore structure that favours the
adsorption of Pb(II) ions. The highest adsorption capacity of
Hap/PU composite was observed as 150 mg/g. Jang et al. [72]
synthesized polyaniline nanoparticles coated polyurethane
foam (PUF@PANI) and studied its adsorption in the removal
of Hg(II) ions. The adsorption of PUF@PANI in Hg(II) removal
reached a full removal efficiency of 97.4% under the experi-
mental conditions (pH 7; 5 mg/L Hg(II) and adsorption time of
60 min). The adsorption capacity was observed as 103.2 mg/g.

Wang & Min [77] synthesized hydroxyapatite/poly(vinyl
alcohol HAp/PVA cryogel immobilized on PVA (PVA foam)
and Hap/PVA cryogel immobilized on polyurethane (PU foam)
and studied the removal of Cd(II) from aqueous solution. The

adsorption capacity of the adsorbent was observed as 53.1
mg/g for PVA foam and 47.7 mg/g for PU foam. Alginate/
polyurethane composite (ALG/PUCF) was synthesized by
Sone et al. [78] and tested its adsorption against Pb(II) ions.
The adsorption capacity of ALG/PUCF was observed as 16 +
2.1 wmol. Polymer foam coated with zerovalent copper (Cu®)
(Cu®-PEI(1800)PAA) was prepared by Li et al. [73] and studied
its adsorption in Cr(VI) removal. The adsorption capacity of
Cu’-PEI(1800)PAA was reported as 9.16 mg/g. Alhakawati &
Banks [74] prepared biomass immobilized in hydrophilic
polyurethane foam (biomass/PU foam) and studied its adsor-
ption onto Cu(Il) ions. The adsorption capacity was observed as
0.416-0.613 mmol/g. Hussein & Abu Zahra [75] prepared iron
oxide nanoparticles (IONPs) incorporated inside porous
polyurethane foam (PU-IONPs foam) and studied its removal
capacity of arsenic species. The adsorption capacity for arsenic
sorption on the PU-IONPs foam was found to be 0.0209 mg/g.
The adsorption performance of polymer foam adsorbents are
listed in Table-5. Some polymeric foams [60-62,72] are reported
to be good adsorbents with good adsorption in dye and heavy
metal removal.

An elaborative literature review described various types
of novel foam adsorbents and its adsorption in dyes and heavy

TABLE-5
POLYMER FOAM ADSORBENTS IN DYE AND HEAVY METAL REMOVAL
S. No. Polymer foam adsorbents Dye Adsorption capacity Ref.
Polymer foam material adsorbents in dye removal
1 OCPUF@PDA@AC Methylene blue 245 mg/g [61]
2 C/PUF Brilliant green 134.95 mg/g [62]
3 MOG-PUF Malachite green 125.945 mg/g [21]
4 CNW-PUF Methylene blue 110.5 mg/g [63]
5 PU foam Reactive blue 198 86.43 mg/g [64]
6 TC-PUF Malachite green 58.82 mg/g [65]
7 OCPUF@PDA Methylene blue 30.2 mg/g [66]
8 PUF Methylene blue 20.4 mg/g [67]
9 FLUOROPOLYMER FOAM Methylene blue 10.25 mg/g [76]
10 HA-CS-PUF Methylene blue 10.31 mg/g [68]
Rhodamine B 8.26 mg/g
Methyl orange 5.29 mg/g
11 PUF Direct red 80 4.50 mg/g [39]
Reactive blue 21 8.31 mg/g
12 PU/CEL 1:1 Methylene blue 1.83 mg/g [69]
HE-4R 1.63 mg/g
HE-7B 2.19 mg/g
13 PUF/SDS Rhodamine B - [70]
Methylene blue =
Crystal violet -
Malachite green —
Polymer foam material adsorbents in heavy metal removal
14 PU/CMCNFs Pb(1I) 216.1 mg/g [60]
Cu(II) 78.7 mg/g
Cd(II) 98 mg/g
15 HA,/PU Pb(II) 150 mg/g [72]
16 PUF@PANI Hg(II) 103.2 mg/g [71]
17 PVA foam Cd(II) 53.1 mg/g [77]
PU foam Cd(II) 47.7 mg/g
18 ALG/PUCF Pb(II) 16.0+2.1 pmol [78]
19 Cu’-PEI(1800)-PAA Cr(VI) 9.16 mg/g [73]
20 Biomass/PU foam Cu(II) 0.416 — 0.613 mmol/g [74]
21 PU-IONPs foam As 0.0209 mg/g [75]
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metals removal. On comparing various foam adsorbents, it is
observed that carbon foam adsorbents are reported to have
superior adsorption capacity. This is followed by chitosan foam
and metal foam adsorbents with good adsorption performance.
Some other foam adsorbent like alginic acid foam adsorbent
(1201 mg/g) was also reported to have higher adsorption perfor-
mance. Thus, it is clear that novel foam adsorbents were effec-
tive materials in the removal of dyes and heavy metals.

Conclusion

This review revealed that the foam adsorbents are one of
the the potential materials in adsorption technique. Toxicity
due to dyes and heavy metals and its adverse effect is of serious
concern to preserve the environment. Hence, efficient adsor-
bents with more promising adsorption performance, i.e. carbon
foam, chitosan foam and metal foam adsorbents are synthe-
sized and tested for the removal of dyes and heavy metals.
Out of the adsorption capacity of all the novel foam adsorbents
described in the literature, carbon foam adsorbents, chitosan
foam adsorbents and metal foam adsorbents are superior with
higher adsorption capacity (> 400 mg/g). A positive effort in
synthesizing the novel foam adsorbents may prove effective
and give fruitful results in future. Furthermore, novel foam
adsorbents which are already reported may suitably be modified
or developed in further researches to get unique materials for
various other applications.
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