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Abstract

Chemically-modied alginat¢obtained by grafting urea on alginate, with different ratios; alginate-urea
(1:7) andits new derivatives alginate-ute?d (vith an exceed of the percent of amino gralip)hyas
successfully tested for mercury sorption in agueous solutions. Tinernine of pH on metal sorption

was rstinvestigated: optimum pHwas close to 5.5. Sorption isotherms were modeled using the
Langmuir and the Sips equations, and sorption capacity slightly increased with the increased of the %
of-NH,in the sorbent and the maximum sorption capacity exceeded 200 mg @gd7 mmol Hgg®;

for alginate-uregl:2), this means two times the sorption capacity of reference mdtexiahon-

modi ed alginatg and also has a capacity improved compared to alginatéiufe&nder selected
experimental conditions the equilibrium was reached wigh6of contact and the kinetic prées were
modeled using the pseudast order equatioiPFORE, the pseudo-second-order rate equation
(PSORIEand the resistance to intraparticle diffus{iiDE). Surface functional groups, notabii}{H »,

—OH and-COOH, were involved in mercury sorption by alginate-urea, suggesting the ion exchange,
complexation antbr electrostatic interaction of Klid) on the alginate-urea surface. The use of this
material, environmentally friendly and simply obtained from a renewable resource, reveals promising for
the treatment of low-metal concentration aénts: sorption capacities are comparable to alternative
academic and commercials sorbents.

1. Introduction

The bioaccumulation of metal ions in the food chain, their intrinsic toxicity for human and animal lfeiitigs

many health damages such as effects on nervous system, reproductive functions, atérthivaietdasons

that can explain the increasingly strict recommendations on the discharge of industrial and domestis ef
International regulations are thus requiring the progressive decrease of contaminant levels in both discharged
ef uents and drinking water systems. Apart this environmental and regulatory incentive, the requirements
imposed by several countries for the recycling of strategic, precious and highly-demanded metal ions are also
driving a greater attention on the development of new processes for the competitive recovery of metal ions from
diluted solutions. Awide spectrum of processes exists for the recovery of metal ions from aqueois, ef
depending on manage@ws, levels of concentration and market value of these metal resources. Processes such
as precipitation are frequently reported; however, the technical limitgtiessciated to the levels of residual
concentration in function of the complexity of the solutions and presence of ligémelpoor selectivity that

limits further metal valorization, and the production of huge amounts of contaminated sludge considerably

©2021 The Authds). Published by IOP Publishing Ltd
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Table 1 Maximum acceptable level of mercury ions in drinking water in different
countrieg gl ).

WHO E.U. uU.S. Canada Australia Japan China

6 1 2 1 1 0.5 1

limit the potential application of this technique. Solvent extraction is commonly used for metal recovery from
concentrated solutiorf§], but fails to be competitive when the metal value is not high enough, wheathe

rates are important and the concentration levels below@@®mg | *. Membranes procesgésand

electrochemical techniqugl are also poorly competitive for complex systems For dilute solutions, below

200 mg | %, sorption processes representignt alternatives. The offer for sorbent materials is very large with
chelating and ion-exchange requis/], extractantimpregnated resii@, minerald9-17], carbon-based

material§13 14 etc. Biosorption has received a great attention for the last decades, using agriculture waste

[15, 16, residues fromsheries, marine resourdés], etc. Biosorbents are processing through similar
mechanismsto those involved in sorption processes: the functional groups at their surface, which are similar to
those present on synthetic resins, may bind metal ions though chelation and ion-exchange mechanisms. These
materials can be used in their raw form but many studies have also described the use edtiogiolymer-

based sorbents, playing with the dual physical and chemical versatility of these materials. Indeed, itis relatively
easy preparing hydrogels as spherical jé&d$oamq 19, membranep20, 21] etc. The presence of hydroxyl

and or amine groups on alginate and chitosan makes also the material easy to chemically modify by grafting new
reactive groupg2-29.

Algal biomass, widely available, is used for the extraction of alginate and as a food ingredient; this biosorbent
has intrinsic afnity for metal iong26, 27], due to the presence of biopolymers such as aldin&ta1],
carrageenaf3Z, fucoidan 33 that bear carboxylic, sulfonic groups, respectively. The levels of metal ions in the
algal biomass should be strictly controlled for applications in food indisfryAlginate has been widely
investigated since the’8@or its interaction with metal ior{85]. The biopolymer is mainly constituted of
guluronic and mannuronic acid unifse., carboxylic group-bearing unitthese acid groups are the main
reactive groups that are involved in metal bindi®y 37] that can bind metal cations through ion-exchange and
chelation. This mechanism is also responsible for the ionotropic gelation mechanism that is frequently used for
preparing alginate gels. Through many metal ions can benséaly divalent cations, but trivalent cations can
be also us@dcalcium s frequently preferred for preparing spherical beads. The hydrogels are especially stable in
moderate acidic solutions and neutral solutions when the divalent cations contribute to stabilize the gel. Indeed,
in the presence of sodium or potassium the gelation process may be reversed; this may limit their use in sodium-
or potassiumrich solutions. The sorption properties of alginate can be substantially improved by chemical
modi cation. Recently, the grafting of urea on alginate was used for enhancing the sorptinp®adil ) and
PK(11) [38], and N{Il), Zn(I1)[39.

The present study focuses on the recovery of mercury, which is an emblematic example of highly-
accumulative metal contaminant, this metal is recognized as one of the most toxic heavy metal pollutants in the
aguatic environment due to its persistence and non-biodegradgbiljtyrhe entry of mercury into food chain
has been an alarming threat. The mercury ions can be transformed into methylmercury by micro-organisms
[47]. The problem is perfectly illustrated by tMinamata disastethe uncontrolled release of industrial
ef uentsinthe ocean, the accumulation of the Mercury in the food chain andgthantake by local
populations caused important neurological diseasestterman families. The availability of freshwateris an
importantissue for human health and social developrifEi}t Due to the low vapor pressure, inhalation is the
main route of Hdll) toxicity, which can cause death.(Hglethal dose is dened between 150 and 300 mg
70 kg43-415.

As shown in tablé, the maximum allowable concentrations of the Mercury in drinking water have been
strictly set by the WHO and many countr[é$]. This low concentration required in global standards, shows the
importance of mercury treatment by bioadsorbents sutdiginate-based materiatsat are friends to the
environment. Also shows the importance of testing theiehcy of treatment of low metallic concentrations.
According torule of Hard & Soft Acid-Base theory and the claation of Nieboer and Richardson, heavy
metals can be classid into three categories and the(Hybelongs to class B which have améfy towards the
molecules of the centeN and—S of the same afity, this metal is considered a soft Lewis acids of class B of
strong polarizability. The advantage of this clasgion is that it makes it possible to predict potential metal
binding sites within adsorbents and to foresee for each metal the best adsorbent and the beatiomdi
necessary. E. Guilalal(201),con rmed that the resultants of FT-IR analysis and the HASB ruleroued
thatthe nitrogen and sulfur atoms have animportantrole iflH@dsorptior{47]. Other researchers have
con rmed the specialimportance of grodld in adsorption of mercury that it has a smaller effective ionic

2
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radius than a plenty of metal ions in agueous solution. And oming that the Mercury ions Hgji ) ion shows a
strong binding tendency to -N atom in functional groups, while N-containing compounds are also the preferred
modi erfor developing heavy metal adsorb§a8s49). There are researchers coming that the main

adsorption sites for HYj ) ion are the-N and—O atoms because they have several lone pairs of electrons that can
ef ciently bind a metalion to form a metal compléx].

The advantage of choosing amine groups for the nmaadion of the alginate is the low cost of mochtion
with urea, biuret also the introduction of new functional groups by the simple way, also the literature is rich of
modi cation of chitosan with aminess containing such as cysteine which introduced #8é1 functions
which are also known by their high afity towards Hdll ) [25]. 1t is true that this functional group is known by
their great afnity towards this metghlthough chitosan likes mercury and forms stable bonds and sorption of
almost 100% in the natural stdtel, 57]) but the modi cation effected by most researchers to successfully graft
such functions to the structure of chitosan is too expensive. There are researchersrgpthat the main
adsorption sites for HY ) ion are the-N and—O atoms because they have several lone pairs of electrons that
can ef ciently bind a metal ion to form a metal complex. According of these researchers the reason of these
preference is that soft acid of Hig ion offers high afnity toward soft bases 6€= O and G-CO-C groups and
middle-soft bases eNH—,—N=, and-NH,groupg5(].

But despite these classation there remains the behavior of these unexpected biosorbents. So, justthe
preference of the center are predict but the positive way of mation and the cost remains estimating by each
researcher. And depending on the type of biosorbent, the cost of water treatment per million liters of water was
estimated as US $30S $200, which presents biosorption as a cheap process compared to other known water
treatment processgs].

In this study, the biosorption properties of alginate and its mediformgobtained by grafting different
amounts of urea; Alginate-ur@dal) and Alginate-ured.:2) are compared for Hgi ) recovery. The effect of
pH isinvestigated before discussing uptake kinetics and sorption isotherms. The effect of competitor ions is also
documented. The structure of the material is characterized by environmental scanning electron microscopy
(ESEMN), while ESEM-EDXESEM coupled with the energy dispersive x-ray anplysisirift analysigfor
determination of pHpg point of zero chargeand FTIR spectroscoflyourier-transform infra-red
spectroscopyare used for characterizing the sorbents and their interaction with metal ions.

2. Materials and Methods

2.1. Materials

Sodium alginate was supplied by FKL@ Madeleine, Frang&d he commercial reference is LF-240D: thisis a
medium viscosity samp{#1.5 mPa)s The fractions of guluronic ac{) and mannuronic aci@M) were

quanti ed using the method described by Agullebal[54]: the G M ratio was 0.330.67.

Urea(>99.09% was purchased from Sigma-Aldri@raufkirchen, Germar)yAll the reagents used were of
analytical grade, deionized waidilli-Q Millipore ) was systematically used for the preparation of solutions.
Calcium chloridé€> 99.5%) was supplied by Chem-L&Bhem-Lab NV, Zedelgem, Belgiurmhe mercury
standard solutioC: 1 g Hg | ) was purchased from Carlo Erba Fraf¢al de Reuil, Frang€The stock
solution(at the concentration of 1 g 1) was prepared by dissolving of Hg&alt(Carlo Erbain HCl —acidi ed
water. Solutions were prepared by dilution of the stock solution, just prior the experiment. The pH of the
solution was controlled using 0.1 and 1.0 M HCl or NaOH solutions. The pH measurements were performed on
a CyberScan pH 6000 pH-met&utech Instruments, Nijkerk, The Netherlapds

2.2.Preparation of sorbents

The synthesis of the alginate-ufE4) sorbents was already descrip#gfd, in the preparation of alginate-urea

(1:2 the mass of urea was increasing in order to test the capacity of the new material and its contribution to
mercury adsorption. Brigy, solutions of 3.6%w/ v) of sodium alginate were prepared by mixing 3 g of
biopolymer powder with 84 ml of Milli-Q water, for the reference alginate sorbent. For mtiopolymer,

1.116 gand 2.232 g of urea were added to the alginate solution for preparing the two derivatives: Alginate-urea
(1:1) and alginate-urda:2), respectively. The reaction was processed undex et 50°C for 3 h. The viscous
solution was nally pumped, using a peristaltic pump, through a 0.8 mm gauge nozzle into 300 mlofa0.2 M
CaC} solution. The beads formed during the ionotropic gelation were maintained overnight, under mild
agitation, in the gelation solution. The beads were abundantly washed with Milli-Q prior to be used to remove
calcium excess. A part of the stock was dried &Catil weight stabilization, to evaluate the water fraction in

the beadséf,,, %0).
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2.3. Characterization of materials
The morphological observation was performed using an environmental scanning electron midieSedje
(Quanta FEG 200, FEI France, Thermo Fisher Scemiérignac, FrangeThe composition of the beads was
semi-quantitatively analyzed using ESEM-EDX, ESEM coupled with an energy dispersive x-ray microanalyzer
(Oxford Instruments France, Saclay, France

The chemical reactive groups have been idedtiising FTIR spectrometffyourier-Transform infra-red
spectrometryusing a Bruker VERTEX70 spectroméBruker Optic GmbH, Ettlingen, Germaygquipped
with an ATR toolattenuated total reectanck

The amine contentin the sorbentwas estimated using a volumetric miéthed]: 50 ml of 0.2 M HCI
solution was added to 0.005 g of sorbent under agitation for 15 h. The residual concentration of HCl was
estimated through titration against 0.2 M NaOH solution using phenolphthalein as the indicator. The number
of moles of HCI having interacted with amino groups and consequently the amino group conceffinatioin
—NHg Y)was calculated from equati¢i):

Concentration of amino group ( M W 50 0.005 q ()1

where; M and M, are the initial and nal concentrations of HCI, respectively.

The point of zero chardeH,.J of the adsorbent was determined using the method described by Lopez-
Ramoretal[58. A xed amount of sorbergt.e., 125 mywas mixed at room temperature with 125 mlof 0.1 M
NaCl solutions atxed values qiHg ranging between 2.0 and 12.0. After 48 h of contact, the equililpityg
was measured and plotted agajtsg; the pH-zccorresponds to the pH value wheaiely = pHeq

2.4. Sorption tests
The experiments were performed by mixingcad amount of beads, g, the dry amount of alginate-based
material was determined by correction of the wet volume with the fraction of wgtewtli a constant volume
of solution(V, L). ThepHywas varied for the study of pH effect and setto 5.5 for the study of other experimental
parameters. The pH was not adjusted during the sorption, butthe pH was systematically monitored at the end of
the experimentfpHeq. After 8 h of contact under agitatigu 150 rpn), the solution wasltrated using 1 m-
size pore membranes and the residual concentréfignmg Hg | LormmolHg! Y)was determined by ICP-
AESinductively-coupled plasma atomic emission spectroscopy, Horiba Jobin-Yvon Activa M, Longjumeau,
Francg. The sorption efciency(SE, %was calculate(6E= (Cy c:ec)*loo Co) and the sorption capacity
(Geq Mg Hg g *ormmol Hg g *) was determined using the mass balance equagign: V(C,  Ceq/ M.

Forthe study of uptake kinetics, a wet mass of soripert.5 g, corresponding to 50 mg dry weighéas
maintained under agitatiofv: 150 rpn) for 8 h with a volume, V= 500 ml, of mercury solutiofCo: 10 or
50 mg Hg | ). Samples were collected aéd contact times Jtrated using 1 m-size pore membranes and the

ltrate was analyzed for metal concentration using ICP-AES.

The initial metal concentratiofCo) was varied between 2 and 250 mg Hgji.e., 0.0£1.25 mmol Hg | %)
for investigating the sorption isotherm at pH 5.5. Fifty mg of wet b@adsl mg dry weightvere mixed with
10 ml of each mercury solution. After 8 h of contact, the residual concentration iftth was analyzed by
ICP-AES and the sorption capacities were calculated for the different points, and plotted in function of residual
concentrationQeq = f(Ceg)-

2.5. Modeling of sorption process and uptake kinetics

The study of mass transfer is important for determining the equilibrium time but also for identifying the limiting
stepgand then orienting the required changes in the structure of the material forimproving global
performanci Sorption kineticg59 may be controlled by:

(a) the proper reaction rate, which can be approached by simple equations like the psstudiaer rate
equationPFORE[60], and the pseudo-second order rate equatRBORIE[61]. These equations, initially
developed for the modeling of homogeneous chemical reaction, are frequently used for heterogeneous
systems, like sorption processes. In this case, the occurrence of diffusion limitations induces that the rate
parameters should be considered as apparent rate parameters.

(b) different mechanisms of resistance to diffusion, such as bulk diffusiondiffusion and intraparticle
diffusion[62]. The resistance to bulk diffusion is generally negligible when the suspensioreistsf
agitatedpreventing the heterogeneous dispersion of the sayhvehile the effect of resistance i
diffusion is mainly limited to the veryrst minutes of contact, especially when the agitation is (ieak
100 rpm or below: In most cases, for the whole range of contact time, the resistance to intraparticle
diffusion is playing the major controlling role. Sophisticated models exist that take into account the
different mechanisms but they require complex numerical analysis and complete characterization of the
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Table 2 Characteristics and physical properties of gel beads.

Properties Alginate Alginate-uféal) Alginate-ureél:2
Average bead diame{enm) 25 25 25

Wet weight per bea@ng) 10+ 0.5 12.5 0.5 12.5+ 0.9

Dry weight per beafing) 0.2+ 05 0.25+ 0.5 0.25+ 0.9
Water content%) 98.0+ 0.8 98.0+ 0.9 97.0+ 0.7

% amino group — 12.14 17.63

pHzpc 5.04 6.78 7.13

materials in terms of morphology, and textural propeifties63]. Ina rstapproach, itis possible using a
simpli ed and independent modeling based on the Crank equggi@nA reminder of these equations is
reported in the Additional Material secti¢ection 2, Eq. AM1)3

The sorption isotherms represent the distribution of the solute between solid and liquid phases at
equilibrium and under constant temperature. Three models were used for analyzing sorption is(dthens
Langmuir equatiofi65, 66, the Temkin equatiofc7, 68, and the Sips equation, also called Langmuir-
Freundlich equatiof69-71], which are described by Eq. AM4-7, respectigelg Additional Material section,
section 3.

3. Results and discussion

3.1. Characterization of materials

3.1.1. Titration and determination ofspid

Figure AM1(available online attacks.iop.orgMRX/ 8/ 0353083mmedig (see Additional Material sectipn
shows the comparison of equilibrium and initial values of pH when applying the pH-drift method. The pH-
pro lesare very similar for the two urea-modd samples of alginate: the degree of substitution hardly affects
the acid-base properties of the material. ThepfValues are respectively 638 and 7.13; this is about 12
pH-units higher than the value determined for the Alginate safhplepHrc = 5.09. The pK,values of acid
and guluronic acid in alginate are reported close to 3.38 and 3.65, respgcHivélge pHis maximum(and
positiveg at pH 4 and tends to decrease till reaching a mininfnegative valyeat pH close to 7 for alginate
sorbent. Atacidic pH the sorbent is protonafptedominance of carboxylic groypwhile in mild-acidic
conditions the cationic behavior decreases and the sorbentis progressively deprotonated and carboxylate grouy
predominate. For urea-modéd alginate, the deprotonation frontier is shifted toward higher pH véwesnd

pH 7); this may affect the electrostatic effects.

Table2reports some of the physical characteristics of sorbent hyd{agetage size of beads, water
content, ety which are hardly affected by the chemical madtion of the material. In addition, the results
obtained by acid-base titration are also reported and converted into nitfiogieamine groujpcontent for
urea-modi ed materials. The amine groups are quagtdiinto Alginate-ure@d.:1) and Alginate-ure@d.:2 beads
closeto 8.67 mmol N ¢ (about 12.14%, ywv) and 12.59 mmol N g* (about 17.63%, iwv), respectively. The
semi-quantitative analysis of Alginate-ied by ESEM-EDX analysis cams the order of magnitude in
nitrogen contenfclose to 11.7%, kw (not shown)).

3.1.2. FTIR spectroscopy
The interpretation of FTIR spectra of the sorbents was already discussed in a previdisshdpermain
peaks assigned to uronic acids have been idehtit the following wavenumbers: 970 840 cm ?,
1414 cm * (-C-OH bending vibration combined with-@C—O vibratior), 1587 cm* (asymmetric stretching of
carboxylate ©C-O vibration) for alginate. After urea grafting, the typical stretching vibration of primary amine
groups is appearing at 1146 ctnin addition, the grafting of urea is shifting several bands in the region
1300-1000 cm *[3§). The zone 130€L000 cm * shows different peaks or shoulders characteristic of pyranose
group: they are assigned teG-H and O-C—H bending modegaround 1300 cm?), C-O stretchingaround
1147 cm %) and G-O and G-C stretching vibration&@round 1058 cm?).

The FTIR spectra of the Alginate-urea sorbents were characterized after mercury(bonatied. Hg(11)-
loaded samples were obtained by contact of the sorbents at pH 5.5 for 8 h with sorbent dosagezhd g.|
initial metal concentration, £10 mg Hg | %(i.e., 0.05 mmol Hg I*). Changing the amount of urea grafted on
alginate hardly affects FTIR spectra; the only difference is observed in the shift of some of the FTIR bands. After
urea grafting two strong peaks appeared at-35000 and 338@B300 cm *which are assigned to two N-H
stretching vibrationfut-of-phase and in-phase, respectiygl] . After mercury binding, these peaks are

5
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Figure 1 FTIR spectra of sorbent&lginate-uredl:1) and Alginate-urefl:2) after H{1l) sorption.

shifted to 34283315 cm tin the case of Alginate-ur@al) and 33943160 cm tin the case of Alginate-urea
(1:2. In addition, the width and intensity of this peak is considerably increased for Alginafé:Brea
consistently with the increase in nitrogen confastdetermined by titration

The series 6fCH vibrations are reported around 2976, 2918 ¢(in the Alginate-ureél:2) and
3007 cm (in the Alginate-urefd :1)). After H{Il) sorption on Alginate-uref.:1) the most representative
bands are identied at 1593 cm* (C-O stretching aneNH, scissoriny the band around 1427 cnlis
attributed to G-N stretching vibration, Alginate-urea shows a band at 1146 wrhich is probably attributed
to primary amine stretching vibration, while the strong peak at 1023 amay be assigned to the combination
of several bands associated+@EC (pyranose unjt C-N stretching and €0 stretching vibrations.

For the Alginate-urga:2-loaded Hdll ) material, bands are appearing at 1682 t(he., G O and G-O
and G-N stretching vibrationsat 1591 cm® (C-O stretching and NHscissoriny the band around 1452 cm
is attributed to GN stretching vibration. The intensities of the bands are stronger due to higher amine grafting.
The bands are shifted after fig binding by comparison to the spectra of the sorbents prior to metal binding
[38]. This con rms that carboxylic groups may be involved in metal binding but the presence of amine groups
substantially increase metal binding because of the stromigyadf mercury ions for amine-based functional
groups.

3.1.3. SEM and SEM-EDX analyses
Figure2 shows the SEM observation of Alginate-ied bead¢morphology and surface aspect at different
magnitudeybefore and after metal sorption. The beads are roughly spherical with small deforrfatbiasly
explained to drying procesd he drying process induces anirregular shrinking of the beads that causes the
appearance of irregularities at the surface of the magstriations or ridges at low magnitude and smoothed
hills and valleys at higher magnitQd€he general morphology of the beads is not changed after mercury
sorption. Figur&shows the ESEM-EDX analysis of these sarfijge®efore and after Hig)) sorptior). Metal
sorption is conrmed by the appearance of the characteristic peaks of mercury, while the peak of sodium
disappeared and the intensity of calcium decrdasas-quantitative analysis obtained by ESEM-EDX, not
shown).

Itis noteworthy that the sorption of HY) is signi cantly stronger onto the Alginate-u(é«2) compared
than into Alginate-ured :1) (not shown): the density of element is much strong intense; this will beicoad
by the comparison of sorption capacitfese beloyythat, we can conclude that the adsorption of mercury
increases with the increase in the amount of the nitrogen groups due to the functionalization at two rations of
Alginate-urefl:1) and(1:2).
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Alginate-urea(1:1) beads

Alginate-urea(1:1) beads after Hg(II) sorption

(0.05 mmol Hg.l %), (the scale bars are 500, 100 and 5.0 nm, respejitively

Figure 2.SEM micrographs of alginate beéajsalginate-urea beads unloaded andHgloaded alginate-urea begt¥at
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Figure 3 Energy dispersive X-ray analy&BX) of alginate-ureél:1) beads befor) and aftei(b) Hg(Il) sorption.
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Figure 4.(a) Effect of pH on the removal e€iency of Alginate, Alginate-ur@al) and Alginate-ure@d.:2) beads for H1) ions
(t=8h,T= 20+ 1°C,sorbentdosage; $SD0.1g.l*, G, = 0.25 mmol Hg | %; agitation speeghorizontal ShakeérL50 rpm),
(b) competition between Hg and other spaces in solution in an active site at different pH values.

3.2. Effect of pH on metal sorption
The pH is a critical parameter for the design of a sorption process. Indeed, the pH magegtfexsthemical
state of reactive groufyzrotonation’ deprotonation and then their afnity for metal iongelectrostatic
attraction mechanism, competition effect of prothred or (b) the speciation of metal ioifigspecially in the
presence of liganyis’3, 74.

Figure4 compares the sorption capacity obtained for different pH values under similar experimental
conditions for the reference materiaé., Alginate beayland for modi ed alginate sorbenf&lginate-urea
(1:) and Alginate-ureél:2). For Alginate beads, the pH hardly affected metal sorption between pH 4 and 7.5:
the sorption capacity varied between 5 and 12 mg Hgihove pH 4, carboxylic groups are progressively
deprotonated making possible the binding of metal cations; however, sorb@ity &fr mercury remains very
low. After grafting ureéand amine groupghe sorption capacities sigmiantly increased, due to the aity of
amine groups for H@l). However, the sorption capacity was strongly controlled by the pH. At pH close to 2, the
two sorbents have very low sorption capacities due to the protonation of amine gandgsirboxylic groups
the repulsion of metal cations by protonated groups limits metal binding. While the pH increased the
protonation of amine groups progressively decreased and metal sorption increased. A maximum in sorption
capacity was reached closed to pH 6. Itis noteworthy that above pH 6 the sorption capacity drastically reduced;
although the pHpcfor the two sorbents were in the range-&..7This means that the protonation of amine
groups is not the sole parameter that controls metal binding on the sorbent. Actually, the calculation of metal
speciation, under selected experimental conditions, using Visual Minteq s¢ft@asbows that at pH 5 the
predominating form of mercury ions is HgV 6%9 completed with HQCIOH22%). When the pH increases
the distribution of mercury species changes: at fgpmum pH valug@ HgChL represents about 43gainst
47% for HgCIOH and 10% for H®H),) and at pH 7 HgGIrepresents only 8.4% for 44% of HgCIOH and 47%
for Hg(OH),). The af nity of the sorbent for mercury decreases when the distribution of mercury is displaced
toward the formation of hydrolyzed species. The effective sorption of mercury is then controlled by the
simultaneous deprotonation of amine groups and the predominance of neutral mercury chloride species
(against hydrolyzed spediékhe researchers have comed that below pH 6 Hg@8ls the dominant Hg species.
Other researchers have comed that below pH 6 the Hg&is the dominant Hg species with a slight presence of
HgCI(OH)°[76]. Ariaset al(2017 con rming these results and found that Hg@lthe predominant species for
pH values between 3.5 and 5.5, and®lg)Cl or HgCL are the predominant species when the pH is between
5.5and 6.5, while ata pH greater than 6.5®Hd), or HJCE are the predominant specigd]. Also we
remarked that at the pH value of 5.5 theeHcy of sorbents are better than other value and according to D.
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Figure 5Hg(ll) uptake kinetics on Alginate, Alginate-urea and Alginate-biuret if88d9.1 g¢d.w)| *; C;:0.05and 0.25 mNiLO
and 50 mg Hg I*)—mono-component solutions; T: 2Q; pH 5.5; solid-lines: modelling of the kinetic pte with the PSORE and
parameters from tablg.

Zhanget al(202Q with the increase in pH value, protonation of amino groups becomes weaken, and their
coordination ability with heavy metal ions incredgék

Figure AM3 see Additional Material section 1, for complementary informastiows the pH variation
during mercury sorption: In most cases, the pH slightly increases and the variation remains below 0.5 pH unit.
The pH variation, under selected experimental conditioretal concentration, dose, T ajgwas low enough
to avoid metal precipitation. The prées of pH variations are very similar for the two derivatives with an
equilibrium value thatis slightly higher than the initial pH value till pH 6; above pH 6 the equilibrium pH tended
to decreasgprobably due to the formation of hydrolyzed mercury spéoiet® the release of protons dueto a
diversity of reactions. Sonmetalused grafted polyacrylamide chains for mercury binding and reported metal
ion binding through the interaction of HY ) with amine groups on the acrylamide moigt{:
R-(C= 0)-NH-Hg* X or R{C= 0)-NH-Hg-NH- (C= O)-R, with proton release. In the case of alginate,
equilibrium pH systematically remained below the initial pH by less than 0.5 pH unit; this is due to the
deprotonation of carboxylic groups and the weak metal sorption does notcagully affect pH variation.

For further studies, the pH was setto pH 5.5 to prevent the possible phenomena of precifzitatien
highest metal concentration range, for example in the study of sorption isothehifespreserving good
pH conditions for metal sorptiofassociated to the predominance of neutral mercury chloride complexes

3.3. Uptake kinetics
Figure$and6 show the kinetic prales for mercury sorption using Alginate beads as the reference material and

modi ed alginate beadise., Alginate-ure@ ;1) and Alginate-urel:2) for different experimental conditions.

9
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Figure 6.Hg(ll) uptake kinetics on Alginate, Alginate-ukd) and Alginate-ured:2 bead$SD: 0.1 g¢d.w)| *; Cy: 0.05and
0.25 mM(10 and 50 mg Hg I*)~mono-component solutions; T: 2G; pH 5.5; 150 rpm:; solid-lines: modelling of kinetic plewith
the RIDE(Crank equatiopand parameters from tabB.

Figuresshows the kinetic prdes tted by the RIDHKresistance to intraparticle diffusion, the so-called Crank
equationwhile gure5shows the ts of experimental data using the PSORE. The preliminary observation of the
kinetic pro les shows that with alginate materials a minimum of 8 his necessary for approaching the equilibrium
while for modi ed alginate the equilibrium was reached within 5 h. The neadion of the sorbent not only

increases sorption capacity but also mass transfer performance. Anyway, the uptake kinetics remains relatively
slow; this conrms the relative importance of the mechanisms of resistance to intraparticle diffusion on the global
control of uptake kinetids’9, 8. Itis noteworthy that the sorbents were used under their wet faithout being

dried: the drying may cause the irreversible collapse of the porous structure, which, inturn, affects accessibility to
reactive groups and mass transfer performga@e31], and causes slow kinetjé§, 82. Actually, the kinetic

pro lescan be described by atwo-step @) a rstinitial section corresponding to-3@6 min and more than
50%-60% of total sorptioh followed by(b) a much slower sorption phase that lasts for several hoursr3he

phase corresponds to the sorption at the external surface or withirstexternal layers of the alginate beads,

while the second phase may be assigned to the diffusion of metal ions to the core of the beads.

The modeling of kinetic prdes with the RIDE and the PSORE gives relatively gouféxperimental data.
Solid lines on guress and5represent thets with the RIDE and the PSORE, using the parameters reported in
tablessand4, respectively. A similar study was performed using the PR&RRAdditional Material section,
section 2, gure AM4 and table AM1Some discrepancies can be observed in the comparison of experimental
sorption capacities at equilibrium and thited values for both PFORE and PSORE. Actually the
superimposition of tted curves for the three models with experimental pes shows that all of them respect
the kinetic trends. The intraparticle diffusion cogénts vary with the sorbent and mercury concentration;
however, they are all in the same order of magnit@de8.2x 10°m?min *)and much lower thanthe

10
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Co(mmolHgl Y Sorbent Rx 1(mM?min Y EV
0.05 Alginate 2.362 0.078
Alginate-ureél:1) 1.696 0.034
Alginate-urefl:2 1.809 0.018
0.25 Alginate 3.609 0.055
Alginate-ureél:1) 8.222 0.028
Alginate-urefl:2 — _
EV: estimated variance.
Table 4Modeling of uptake kinetics using the PSGREono-component solutiongSD: 0.1 @d.w) | 2.
Co(mmolHgl b Sorbent Qexp(MMOlg ) Gecac(mMmolg Y  ky x 107 (gmmol * min ) EV R
0.05 Alginate 0.256 0.32 0.0191 6.51 0,9829
Alginate-ureél:1)  0.39 0.449 0.0198 6.08 0,9964
Alginate-ureél:2 0.40 0.446 0.0250 4.71 0,9981
0.25 Alginate 0.460 0.58 0.0109 19.80 0,9859
Alginate-ureél:1)  1.003 1.04 0.0285 330.3 0,9991

Alginate-ureél:2 — — — —

EV: estimated variance.

self-diffusivity of mercury inwatére., 5.08< 10 ®m?min %); this con rms that the resistance to intraparticle
diffusionis a controlling step in the global mass transfer. These values are consistent with the values obtained fol
Cd(I1) and Cyll) sorption using similar sorbents but higher than the values reported {t) F25.

The kinetic rateék, for PSORIEare slightly higher for alginate derivative than for reference Alginate beads.
This con rms the observation of kinetic prées and the little increase in the time required for reaching
equilibriumin the case of Alginate beads.

3.4. Sorption isotherms
Figure7 shows the sorption isotherms obtained for the removal gflfifsfom mono-component solutions at
pH 3 using Alginate beads as the reference and urea-grafted méterj@tginate-urgd.:1) and Alginate-urea
(1:2). Allthe curves are characterized by a saturation plateau and arelative steep initial slope. The section 3 of
Additional Material section reports some models commonly usedtiag sorption isothermgs5. The
Freundlich equation is characterized by a power-like shapee AMRa), see Additional Material sectihat
is not consistent with the asymptotic trends of experimental curves.

The Freundlich isotherm computed data results with a low&&t.B9-0.94 value, the adsorption capacity
value obtained for alginate and alginate-fed is consistent with the other models and the experimental
value. But the maximum adsorption capacity for the alginate{ir8¢3.88 mmol g %), calculated on the basis
of this model not agreed to experimental valLl®5 mmol g %), with a greater value of EV and with a lowest R
(0.89. According to the Freundlich model, the equilibrium is not reaghgdire AM%a), see Additional
Material sectioh

The N value greater than 1 shows surface heterogeneity. This higher value revealed the heterogeneous natu
ofthe adsorbent surface. This model determined that th{#l Hapdsorption is favorable and for this sorbent
‘alginate-ureél:2)’ probably predicted an imite monolayer coverage, this strong heterogeneous character
forthe second derivatives of alginaginate-ureél:2)’ is con rmed by the value of’h or N, knowing that,
when the 1nvalue greater than 0 and less than 1 shows surface heterogeneity. The grdateetine inore
will be the heterogeneity of the adsorbent surfage

Onthe contrary, the Langmuir sorption isotherm implicitly assumes an asymptotic shape: this edgation
relatively well with experimental data as seemjire7(a). Frequently this equation shows some weakness while

tting the curve in the concentration range corresponding to the highest cur(atmedn around Gy

0.1 mmol Hg! %). Another model was applied using the combination of Langmuir and Freundlich concepts: the
Sips equation generally allows getting a better statistical approximation because a new parameter is introduced
inthe equation; however, the model loses its physical signce compared to the mechanistic Langmuir
equation. In addition, the Temkin model was also tested for evaluating the energy parameters associated to the
sorption proces§ gure AM%b), see Additional Material sectipfable5reports the parameters of the different
models and their respective correlation ca@dnts. As expected the Sips equation shows the better correlation
coef cients for the three sorbents in agreement wighre7(b). However, the correlation coeafients for the
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Figure 7 Hg(ll) sorption isotherms using Alginate, Alginate-(fled and Alginate-ure@.:2), with modeling of experimental data
with the Langmui(a) and Sipgb) equations and the parameters reported in talftentact time; £ 300 min, dosage; SB 0.1 g.| %,
rotation speeghorizontal shakgrl50 rpm atatemperature¥ 20+ 1°C,pH = 5.5.

Langmuir equation are relatively close to the values obtained for the sips model. Since the calculated sorption
capacities at saturation of the monolaygl dor this model are very close to the experimental maximum
sorption capacitie§lm exp the Langmuir equation will be preferred.

The grafting of urea almost doubles the maximum sorption capacity of Alginate beads, from 0.51 mniol Hg g
t00.94 and 1.06 mmol Hg g, for Alginate-ure@l :1) and Alginate-ure@d:2), respectively. Increasing the amount
of urea grafted on the alginate backbone above a 1:1 molar ratio does na@sitigimprove sorption capacity.
The af nity coef cient(i.e., ) slightly decreases with urea substitution: from 47.4 | mirfof Alginate beads
to 38.2 and 35.0 | mmof for chemically-modied alginate. The heat of sorption deduced from Temkin modeling
(i.e., 1) is halved from 31.7 kJ matfor Alginate beads to 16.9 and 13.7 kJ midr urea derivatives of alginate:
this energetic criterion is consistent with the improvement of sorptiasiexicy with urea grafting on alginate
backbone. The improvement in sorption capacity with urea grafting is obviously due to the increase in the density
of sorption sites, but also to the spexaf nity of relevant reactive groups. Indeed, N-based ligamdsduced by
ured are softer than O-based ligarfdarboxylic groups of algingtnd they have a higher aity for Hg(Il) ions,
which are considered soft acids according to the PeamsdesHard & Soft Acids & Bases thepf§4]. The

softness parameter for AP is close ta- 1.2885.
Tablessand7reports the H1) sorption properties of a series of biopolymer-based sorbents. The variation

in selected experimental conditions may strongly affect sorption properties and mak thie comparison of

12
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Table 5Sorption isotherms-Parameters of the Langmuir, Freundlich, Sips
and Temkin models.

Alginate- Alginate-
Model Parameter Alginate  urea(1:1) urea(1:2
Experimental Bhexp 0.513 0.941 1.050
Langmuir GhL 0.507 0.938 1.068
b, 47.4 38.2 35.0
EVx 10° 0.56 2.11 2.77
R? 0.983 0.990 0.990
Freundlich k 0.555 1.035 3.88
N 4.58 4.04 1.165
EVx 10 3.74 10.9 27.9
R 0.925 0.944 0.893
Sips Gh 0.518 1.005 1.015
bs 30.79 14.01 163.8
Ns 1.106 1.296 0.731
EVx 10° 0.63 1.37 1.44
R? 0.984 0.994 0.995
Temkin Ar 1137.0 955.0 573.76
br 31718.3 16911 13698
EVx 10 1.40 2.37 10.7
R? 0.972 0.988 0.958
Table 6 Hg(ll) sorption properties of selected biopolymers.
Langmuir
parameters
Equilibrium
Material pH T(C) time (min) L b?  Reference
Alginate beads 33 25 — 1.40 123.0 [19
PGAbeads 33 25 — 1.50 99.9 [1§
Pectin beads 33 25 — 1.69 299 [19
Alginate beads 5 25 60 0.16 13.2[79
AGCC®2 5 25 60 150 201 [79
AGCC 610 5 25 60 332 253 [79
Alginate beads 6 20 — 017 — [86]
Alginate beaddiveF. trogii 6 20 — 1.87 3.01 [86
Alginate beadsnactivated-. trogii 6 20 — 2.12 8.22 [84
Thiol-grafted chitosan beads — — 1200 798 — [29
Ca-alginate — — — 0.16 — [87]
Ca-alginate % 25 — 019 — (89
Chitosan 6 25 — 3.74  — [51]
Chitosan — — — 401 — [57
GLA-crosslinked chitosan 6 25 — 038 — [21
Raw chitosan spheres 6 — — 0.067 — [23
Raw chitosan membrane 6 — — 013 — [23
GLA-crosslinked chitosan spheres 6 — — 0.16 — [23
Chitosan bead thiol-grafted — — — 147 — [24
Polyethyleneimine functionalized chitosan-lignin composite5.5 30 360 331 — [40
sponge
Magnetic thiol-modi ed chitosan beads 5 28 _ 3.12 1.60%39
Alginate beads 55 20 300 0.51 46.7This work
Alginate-ureél:1) beads 55 20 300 0.94 80.2 Thiswork
Alginate-ureél:2) beads 55 20 300 1.07 74.6 Thiswork
2mmolHgg *.
® |_mmol *.

¢ Alginate-polygalacturonate salts.
4 Alginate-pectate beads.
¢ Calcium alginate beads containing different amount of cross-linked chitosan powder.
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Table 7.Some others recent studies for mercury removal.

Material pH T(0) t/ rotation speed gmmol g * Model Reference
Cellulose Lysine-Based Schiff Bases 5.0 50 60 min 1.29 Langmuir [290
Anew functionalized hybrid adsorbent thiosemicarbazide grafting silica surface 7.0 25 30 min 0.05 Freundlich [91
Sulfur rich microporous polymd&SMP 1.0 25 12h 2.97 Langmuir [92
New spherical nanocellulose and thiol-ba&dC-3-MPA 5.6 25 20 min 0.49 — [93
Magnetic spinel R€uO,/ rGO nanocomposite 7.0 24 60 min 6.23 Langmuir [94
FeO4-nanocellulose 7.0 AtroomT. 1000 rpAo min 4.62 Radkérausnitz [99
Aminophosphonic acid functionalizeder(PANapF) 6.0 AtroomT. 2h 1.785 Langmuir [98
Chitosan- magnetic graphene ox{@MGO) 6.0 — 24 h 1.98 — [97
Chitosan-magnetic- magnetic graphene ox@eMGO) 7.0 — 5h 1.80 — [99
L-cysteine doped polypyrralePy@L-Cyst 55 25 24 h 10.18 Langmuir [99
FeS nanoparticles 7.0 30 24 h 4.94 Langmuir [10Q9
sodium carboxymethyl cellulose-REMC-Fe$ 8.60

gelatin-FeS and starch-FeS 9.66and9.9

Melanin nanopigment obtained from marine souf@eeudomonas stutzeri 5.6 45 200 rpm 0.41 Langmuir [107
Guanyl-modi ed celluloséGu-MC) 6.0 25 3h 0.24 Langmuir [107
Bentonite-alginate composite 6.0 30,40and 50 /208 rpm 0.424,0.555and 0.618 Langmuir [103
Magnetic carbon nanotubes composite MWCNTgthe natural pH 25 2h 1.19 Langmuir [104
Chitosan-Alginate NanoparticlSANP9 5.0 30 90 min 1.08 Langmuir [109
polypyrrolé SBA-15 nanocomposite 8.0 AtroomT. 60 min 0.997 Langmuir [109
Thiourea Functionalized polypropyleniger grafted acrylic acid 5.0 25 2150 rpm 0.26 Langmuir [107
Polyamide magnetic palygorskitéPG) by polyamide 5.0 — 30 min/ 120 rpm 1.06 Langmuir [109
L-Cysteine functionalized bagasse cellulose rizers 6.8 30 30 min 0.58 Langmuir [109
hydrazide-micromagnetite chitosan derivative 5.0 22 48 h 1.82 Langmuir [119
amide functionalized cellulose from sugarcane bagasse 4.5 30 / 1204rbm 1.124 Langmuir [117
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Figure 8In uence of other co-existing metal ions on(Hpjadsorption by Alginate-urga:1) synthesized under the same conditions
atpH = 5.5and ataroomtemperature.

performances. The sorption properties of urea-derivatives of alginate are comparable to most of the biopolymer-
based sorbents; however, the capacities are several times higher for biopolymers grafted with sulfur derivatives
(thiol, thiourea, etk The very favorable behavior of sulfur-based derivatives is directly explained by the much softer
behavior of S-based ligaridempared to N-based and even more O-based ligahgmoteworthy that synthetic

resins may exhibit higher sorption capacities such as magnetic glycidyl methacrykSnesiml Hg g %),

crosslinked quaternary amide-sulfonamide ré&mmol Hg g 1); though synthetic resirfsuch as resin-bound
2-pyridinethio) have been also used with sigrintly lower capacitié8.28 mmol Hg g%).

4. Effect of coexisting metal iors-competitive adsorption study

Thedif culty inremoval of heavy metals atlow concentrati{@s and 10 mg I*) has led to the exploration of
ef cientadsorbents for removal of these metals, especially mercury due to its toxicity and strict standards
(tablel) related to its presence in drinking waters-2 gl *)[46 and industrial efuents(0.01 mg 1 %).

In order to testing the effect of competition of other metal ions in theiehcy of mercury removal, we have
prepared ve solutions with different metals compositions and different concentrations. The mass of 0.05 g of
alginate modied were added, separately at 500 ml of solution, at the initial pH of the solution 5.5 and
temperature of 20C.

In this study, we have increased the concentration of mercury in multicomponent sol@iohs0.02 and
0.05 mmol HgL), in order to compare the results with mercury adsorption in monometallic solution.

The sorption isotherms on mono-component solutions have shown a better potential of the sorbents for
mercury at low concentrations, this is camed by a study of the selectivity andeHcies of this treatment by
bi-components, three- and multi-components metal solutions in the same conditions. The selectivity for
mercury in multi-components solutions is inenced by the initial concentration of the solution as well as the
nature of the elements coexisting in solution. It can be seen that ttieefy decreases from 97.47t08.7%
according to the operating conditioqggure8 and tables).

The result of study of the sorption of various examples of metallic solutions at 4 mg rhistahiown in

gure9. It should be noted thatin the binary Rb)/ Hg(Il) solution and multiple C@l), Cu(ll), Pi(11) and
Hg(ll) solutions, the adsorbent proclaims a highrétly for lead relative to mercukgee gure9). Itis obvious
that the alginate-ure@:1) shows good adsorption for Bb) with an adsorption capacity of4%9 mg g *and
an ef ciency ranged between 97.4599.58%see gure9). This is reasonable due to that new functional groups
has a strong ahity for this metal, similarly the Qi ) give a good ahity compared with other metals. The
capacity adsorption of GHl), Zn(I1) and NIl ) is low compared to Cill ) and Pigll).

Forthe Mercury, efciency changes also depending on the composition of the solution. when mercury is
found alone in solution, etiency is 84.9%0.5 mg g*), then varies to 52.35, 8.7, 54.24, 62.36 and 34.80%
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Table 8In uence of other co-existing metal ions on(Hpadsorption atpH= 5.5and T= 20°C.

Elements in the solution of metatsHg(l1)) Ho(Il) PH(I1)+ Hg(ll) Cd(Il), Cu(ll), Hg(ll) and Pl

Zn(INi()and Hgll) — Cd(ll), Cull), P(I1), Zn(Il), Ho(l1) and NiIT)

cu(ll), PN, Zn(11), Hg(l) and Ni(I1)

Concentratior{mg metal | %)

2 81.01 59.91 20.18
4 84.91 52.35 8.7
10 67.00 50.84 12.88
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Figure 9 Adsorption capacities of alginate-u&al) for various example of metal solutiof@ = 4 mg metal | %) with different
components.

with the variation of the solution composition, corresponding to the examples of solutions presented in
gure9. However, in any case, modid adsorbentslginate-ureél:1) and alginate-ure@ 2’ have shown a
better ef ciency for the treatment of complex solutions.

5. Mechanism of adsorption

The adsorption mechanism was investigated by the discussions of the results obtained in the adsorption kinetics
isotherms and ESEM-EDX analysis, similarly to the study presented rec¢ély by

Various kinetics and isotherm models were used to evaluate the adsorption data. The results obtained by the
PSORE model suggests that the adsorption process is a chemical interaction between metal ions and active site
rather than a simple physical adsorption pro¢&sg. The modeling of the results obtained for alginate-urea
(1:1) and alginate-ure@.:2 with PSORE model and PFORE; = 0.05 mmol | %) gives high values of R
almost equalsee tablesand AM1, see Additional Material sectjon

In addition, the adsorption data of Klidj) on the three adsorbentg,with the Langmuir model implies that
the adsorption process could be considered as monolayer adsorption and all the active sites on the adsorbent ar
energetically identicpl13.

The possible interaction of Klig)) with alginate-urea is shown igurel0. This gure gives the possible form
of alginate-urea and the proposed mechanism of their sorption. In the selected pH, the protonation of amine
groups decreases progressively, therefore, i ldgs are bound with the nitrogen atoms of the amine
groups through coordination. Moreover, the negatively charged of carboxylic group hold the positively charged
Hg(ll) ions though electrostatic forc&sC. Wu et adhow that the carboxyl and unprotonated amino groups can
serve as coordination and electrostatic interaction sites for the sorption of transition[friefals

The results obtained in this study can be elucidated with HSAB concept. Therefdrimisare soft acids
and the modi ed adsorbent, having amine grogsH ), are classied as hard base; so they provide a strong
interaction in HF* metallic solution. On the basis of this theory, O-ligafodsboxylic acid groupsave more
af nity for hard acids than N-ligandamine groupgand soft acids have more afty for -N ligandSamine
groupy than -O ligandgcarboxylic groupggd 3§]. This con rms the coordination interactions between R-NH
and Hg" . According S. Huanet al(2016 the reason of these preference is that soft acid B Han offers high
af nity toward softbasese€ = O and G-CO-C groups and middle-softbasestdiH—,—N = ,and-NH,
groupg50. However, when borderline acidic metal ions, such é)is Cu(ll) are present in metallic
solution, they can react with the two grouid and-N and lose their selective nature when competitive ions are
present.
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Figure 10Proposed mechanism of Kif) adsorption.

6. Conclusion

This study demonstrated the feasibility of removing mercury from aqueous solutions using alginate-urea
compared to alginate who has a lowrafy towards this metal, the addition of the amine functionin the
structure of the alginate improve the efency of mercury sorption, therefore we conclude that the amine is the
effective function in the Mercury sorption, this is comed by the great ahity of chitosan towards this metal.

In addition, the change in the quantity of urea to improve theicy this gives us an idea on the effect of the
quantity grafting on the structure of the new mateftlaé increase in -Ntslightly increased the sorptiodiehcy
and consequently we can stillimprove the capacity if we choose the right grafting percongiteg$p. the

results obtained in this study, itis necessary to choose well the added fgAstbror others functiof), the

way and above all the cost because generally we want to modify the biosorbents to reduce the cost of the
operation of biosorption to maintain 6and adapt the basic properties. So the researchers must compare the
need for modi cation with respectto the basic materials, and for each ncatlon we ask the question what are
the contributions for each modcation compared to the basic materials.

The results suggested that the grafting of urea on Alginate beads allows increasing the sorption capacity of th
biopolymer for Hdll ). At optimum adsorption conditions obtained in this stugyd = 5.5,SD= 0.1d1),
alginate-urea give the adsorption yield were up to 80% at low concentrations in the range of 2 to 10 g Hg |
However, it was demonstrated that doubling the amount of urea introduced in the reactor for the synthesis of
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urea derivatives of alginate is slightly sigantly increase sorption performar{6ed mmol g *for the alginate-
urea(1:1) compared to 1.07 mmol ¢ for the alginate-urga:2): this amount of 1.116 g of urea for 3 g of
alginate can be changed for the augmentation of the percent of amino groups in the alginate-urea.

The increase in the density of the reactive groups and the higiméyadf N-based ligandgompared to
O-based ligands of carboxylic groypan both explain the enhancement of sorption properties for soft-acid
Hg(ll) ion.

Sorption properties are controlled by the pH: metal binding is increased with pH due to the deprotonation
of reactive groups and sorption properties have been tested at pH 5.5. Sorption isothemalyated with
the Langmuir and the Sips equations. Maximum sorption capacities reached 0.51, 0.94 and 1.07 mmol Hg g
for Alginate beads, Alginate-ur@dal) and Alginate-urefl:2 beads, respectively. Uptake kinetics are well
described by the pseudo-second order rate equation and the resistance to intraparticle (RfD&oGrank-
based equatignThe intraparticle diffusion coefient is about one order of magnitude lower than the self-
diffusivity of H(Il) in water.

Complementary experiments would be necessary to verify the selectivity of the sorber(ts)for bideast
the impact of other competitor ior{anions and cation®n metal binding, with other different concentration.

In addition, it would be necessary checking the possibility to desorb the metals from loaded solid phases with the
target of concentrating the hazardous contaminant but also verify the recyclability of the Gonveike the
process competitiye
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