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Abstract
Chemically-modified alginate (obtained by grafting urea on alginate, with different ratios; alginate-urea
(1:1) and its new derivatives alginate-urea (1:2) with an exceed of the percent of amino group by 7%)was
successfully tested formercury sorption in aqueous solutions. The influence of pHonmetal sorption
wasfirst investigated: optimumpHwas close to 5.5. Sorption isothermsweremodeledusing the
Langmuir and the Sips equations, and sorption capacity slightly increasedwith the increased of the%
of–NH2 in the sorbent and themaximumsorption capacity exceeded 200mgHg l−1 (1.07mmolHgg−1;
for alginate-urea (1:2)), thismeans two times the sorption capacity of referencematerial (i.e., non-
modified alginate), and also has a capacity improved compared to alginate-urea (1:1). Under selected
experimental conditions the equilibriumwas reachedwith 6–8 hof contact and the kinetic profileswere
modeledusing thepseudo-first order equation (PFORE), the pseudo-second-order rate equation
(PSORE) and the resistance to intraparticle diffusion (RIDE). Surface functional groups, notably;–NH2,
–OHand–COOH,were involved inmercury sorptionby alginate-urea, suggesting the ion exchange,
complexation and/or electrostatic interactionofHg(II)on the alginate-urea surface. Theuse of this
material, environmentally friendly and simply obtained froma renewable resource, reveals promising for
the treatment of low-metal concentration effluents: sorption capacities are comparable to alternative
academic and commercials sorbents.

1. Introduction

The bioaccumulation ofmetal ions in the food chain, their intrinsic toxicity for human and animal beings (with
many health damages such as effects on nervous system, reproductive functions, skin, liver, etc) are themain reasons
that can explain the increasingly strict recommendations on the discharge of industrial and domestic effluents.
International regulations are thus requiring the progressive decrease of contaminant levels in both discharged
effluents and drinkingwater systems. Apart this environmental and regulatory incentive, the requirements
imposed by several countries for the recycling of strategic, precious and highly-demandedmetal ions are also
driving a greater attention on the development of newprocesses for the competitive recovery ofmetal ions from
diluted solutions. Awide spectrumof processes exists for the recovery ofmetal ions from aqueous effluents,
depending onmanagedflows, levels of concentration andmarket value of thesemetal resources. Processes such
as precipitation are frequently reported; however, the technical limitations (associated to the levels of residual
concentration in function of the complexity of the solutions and presence of ligands), the poor selectivity that
limits furthermetal valorization, and the production of huge amounts of contaminated sludge considerably
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limit the potential application of this technique. Solvent extraction is commonly used formetal recovery from
concentrated solutions [1], but fails to be competitive when themetal value is not high enough, when theflow
rates are important and the concentration levels below 400–600 mg l−1.Membranes processes [2] and
electrochemical techniques [3] are also poorly competitive for complex systems For dilute solutions, below
200mg l−1, sorption processes represent efficient alternatives. The offer for sorbentmaterials is very largewith
chelating and ion-exchange resins [4–7], extractant impregnated resins [8], minerals [9–12], carbon-based
materials [13, 14] etc. Biosorption has received a great attention for the last decades, using agriculture waste
[15, 16], residues from fisheries,marine resources [17], etc. Biosorbents are processing through similar
mechanisms to those involved in sorption processes: the functional groups at their surface, which are similar to
those present on synthetic resins,may bindmetal ions though chelation and ion-exchangemechanisms. These
materials can be used in their raw formbutmany studies have also described the use ofmodified biopolymer-
based sorbents, playingwith the dual physical and chemical versatility of thesematerials. Indeed, it is relatively
easy preparing hydrogels as spherical beads [18], foams [19], membranes [20, 21] etc. The presence of hydroxyl
and/or amine groups on alginate and chitosanmakes also thematerial easy to chemicallymodify by grafting new
reactive groups [22–25].

Algal biomass, widely available, is used for the extraction of alginate and as a food ingredient; this biosorbent
has intrinsic affinity formetal ions [26, 27], due to the presence of biopolymers such as alginate [28–31],
carrageenan [32], fucoidan [33] that bear carboxylic, sulfonic groups, respectively. The levels ofmetal ions in the
algal biomass should be strictly controlled for applications in food industry [34]. Alginate has beenwidely
investigated since the 90’s for its interactionwithmetal ions [35]. The biopolymer ismainly constituted of
guluronic andmannuronic acid units (i.e., carboxylic group-bearing units), these acid groups are themain
reactive groups that are involved inmetal binding [36, 37] that can bindmetal cations through ion-exchange and
chelation. Thismechanism is also responsible for the ionotropic gelationmechanism that is frequently used for
preparing alginate gels. Throughmanymetal ions can be used (mainly divalent cations, but trivalent cations can
be also used), calcium is frequently preferred for preparing spherical beads. The hydrogels are especially stable in
moderate acidic solutions and neutral solutionswhen the divalent cations contribute to stabilize the gel. Indeed,
in the presence of sodiumor potassium the gelation processmay be reversed; thismay limit their use in sodium-
or potassium rich solutions. The sorption properties of alginate can be substantially improved by chemical
modification. Recently, the grafting of urea on alginate was used for enhancing the sorption of Cu(II), Cd(II) and
Pb(II) [38], andNi(II), Zn(II) [39].

The present study focuses on the recovery ofmercury, which is an emblematic example of highly-
accumulativemetal contaminant, thismetal is recognized as one of themost toxic heavymetal pollutants in the
aquatic environment due to its persistence and non-biodegradability [40]. The entry ofmercury into food chain
has been an alarming threat. Themercury ions can be transformed intomethylmercury bymicro-organisms
[41]. The problem is perfectly illustrated by the ‘Minamata disaster’: the uncontrolled release of industrial
effluents in the ocean, the accumulation of theMercury in the food chain and the fish-intake by local
populations caused important neurological diseases tofisherman families. The availability of freshwater is an
important issue for human health and social development [42]. Due to the low vapor pressure, inhalation is the
main route ofHg(II) toxicity, which can cause death.Hg(II) lethal dose is defined between 150 and 300 mg/
70 kg [43–45].

As shown in table 1, themaximumallowable concentrations of theMercury in drinkingwater have been
strictly set by theWHOandmany countries [46]. This low concentration required in global standards, shows the
importance ofmercury treatment by bioadsorbents such as ‘alginate-basedmaterials’ that are friends to the
environment. Also shows the importance of testing the efficiency of treatment of lowmetallic concentrations.
According to rule ofHard& Soft Acid-Base theory and the classification ofNieboer andRichardson, heavy
metals can be classified into three categories and theHg(II) belongs to class Bwhich have an affinity towards the
molecules of the center –Nand –S of the same affinity, thismetal is considered a soft Lewis acids of class B of
strong polarizability. The advantage of this classification is that itmakes it possible to predict potentialmetal
binding sites within adsorbents and to foresee for eachmetal the best adsorbent and the bestmodification
necessary. E. Guibal et al (2011),confirmed that the resultants of FT-IR analysis and theHASB rule confirmed
that the nitrogen and sulfur atoms have an important role inHg(II) adsorption [47]. Other researchers have
confirmed the special importance of group –N in adsorption ofmercury that it has a smaller effective ionic

Table 1.Maximumacceptable level ofmercury ions in drinkingwater in different
countries (μg l−1).

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

6 1 2 1 1 0.5 1
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radius than a plenty ofmetal ions in aqueous solution. And confirming that theMercury ionsHg(II) ion shows a
strong binding tendency to -N atom in functional groups, whileN-containing compounds are also the preferred
modifier for developing heavymetal adsorbents [48, 49]. There are researchers confirming that themain
adsorption sites forHg(II) ion are the –Nand –Oatoms because they have several lone pairs of electrons that can
efficiently bind ametal ion to form ametal complex [50].

The advantage of choosing amine groups for themodification of the alginate is the low cost ofmodification
with urea, biuret also the introduction of new functional groups by the simple way, also the literature is rich of
modification of chitosanwith amines –S containing such as cysteinewhich introduced thiol –SH functions
which are also knownby their high affinity towardsHg(II) [25].It is true that this functional group is known by
their great affinity towards thismetal (although chitosan likesmercury and forms stable bonds and sorption of
almost 100% in the natural state [51, 52]) but themodification effected bymost researchers to successfully graft
such functions to the structure of chitosan is too expensive. There are researchers confirming that themain
adsorption sites forHg(II) ion are the –Nand –Oatoms because they have several lone pairs of electrons that
can efficiently bind ametal ion to form ametal complex. According of these researchers the reason of these
preference is that soft acid ofHg(II) ion offers high affinity toward soft bases of –C=OandC–CO–Cgroups and
middle-soft bases of –NH–, –N=, and –NH2 groups [50].

But despite these classification there remains the behavior of these unexpected biosorbents. So, just the
preference of the center are predict but the positive way ofmodification and the cost remains estimating by each
researcher. And depending on the type of biosorbent, the cost of water treatment permillion liters of water was
estimated asUS $10–US $200, which presents biosorption as a cheap process compared to other knownwater
treatment processes [53].

In this study, the biosorption properties of alginate and itsmodified forms (obtained by grafting different
amounts of urea; Alginate-urea(1:1) andAlginate-urea(1:2)) are compared forHg(II) recovery. The effect of
pH is investigated before discussing uptake kinetics and sorption isotherms. The effect of competitor ions is also
documented. The structure of thematerial is characterized by environmental scanning electronmicroscopy
(ESEM), while ESEM-EDX (ESEMcoupledwith the energy dispersive x-ray analysis), pH-drift analysis (for
determination of pHZPC, point of zero charge) and FTIR spectroscopy (Fourier-transform infra-red
spectroscopy) are used for characterizing the sorbents and their interactionwithmetal ions.

2.Materials andMethods

2.1.Materials
Sodium alginate was supplied by FMC (LaMadeleine, France). The commercial reference is LF-240D: this is a
mediumviscosity sample (11.5mPa.s). The fractions of guluronic acid (G) andmannuronic acid (M)were
quantified using themethod described byAgulhon et al [54]: theG/Mratiowas 0.33/0.67.

Urea (>99.0%)was purchased fromSigma-Aldrich (Taufkirchen, Germany). All the reagents usedwere of
analytical grade, deionizedwater (Milli-QMillipore)was systematically used for the preparation of solutions.
Calcium chloride (>99.5%)was supplied byChem-Lab (Chem-LabNV, Zedelgem, Belgium). Themercury
standard solution (C: 1 gHg l−1)was purchased fromCarlo Erba France (Val deReuil, France). The stock
solution (at the concentration of 1 g l−1)was prepared by dissolving ofHgCl2 salt (Carlo Erba) inHCl –acidified
water. Solutions were prepared by dilution of the stock solution, just prior the experiment. The pHof the
solutionwas controlled using 0.1 and 1.0 MHCl orNaOH solutions. The pHmeasurements were performed on
aCyberScan pH6000 pH-meter (Eutech Instruments, Nijkerk, TheNetherlands).

2.2. Preparation of sorbents
The synthesis of the alginate-urea(1:1) sorbents was already described [38], in the preparation of alginate-urea
(1:2) themass of ureawas increasing in order to test the capacity of the newmaterial and its contribution to
mercury adsorption. Briefly, solutions of 3.6% (w/v) of sodium alginate were prepared bymixing 3 g of
biopolymer powderwith 84 ml ofMilli-Qwater, for the reference alginate sorbent. Formodified biopolymer,
1.116 g and 2.232 g of ureawere added to the alginate solution for preparing the two derivatives: Alginate-urea
(1:1) and alginate-urea(1:2), respectively. The reactionwas processed under reflux at 50 °C for 3 h. The viscous
solutionwasfinally pumped, using a peristaltic pump, through a 0.8 mmgauge nozzle into 300 ml of a 0.2 M
CaCl2 solution. The beads formed during the ionotropic gelationweremaintained overnight, undermild
agitation, in the gelation solution. The beadswere abundantly washedwithMilli-Q prior to be used to remove
calcium excess. A part of the stockwas dried at 60 °Cuntil weight stabilization, to evaluate thewater fraction in
the beads ( fw,%).
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2.3. Characterization ofmaterials
Themorphological observationwas performed using an environmental scanning electronmicroscope (ESEM)
(Quanta FEG 200, FEI France, Thermo Fisher Scientific,Mérignac, France). The composition of the beadswas
semi-quantitatively analyzed using ESEM-EDX, ESEMcoupledwith an energy dispersive x-raymicroanalyzer
(Oxford Instruments France, Saclay, France).

The chemical reactive groups have been identified using FTIR spectrometry (Fourier-Transform infra-red
spectrometry) using a BrukerVERTEX70 spectrometer (BrukerOptic GmbH, Ettlingen, Germany) equipped
with anATR tool (attenuated total reflectance).

The amine content in the sorbent was estimated using a volumetricmethod [55–57]: 50 ml of 0.2 MHCl
solutionwas added to 0.005 g of sorbent under agitation for 15 h. The residual concentration ofHClwas
estimated through titration against 0.2 MNaOH solution using phenolphthalein as the indicator. The number
ofmoles ofHCl having interactedwith amino groups and consequently the amino group concentration (mmol
—NHg−1)was calculated from equation (1):

= ´Concentration of amino group M M 50 0.005 11 2( ‐ ) ( )/

where;M1 andM2 are the initial and final concentrations ofHCl, respectively.
The point of zero charge (pHpzc) of the adsorbentwas determined using themethod described by Lopez-

Ramon et al [58]. Afixed amount of sorbent (i.e., 125 mg)wasmixed at room temperaturewith 125 ml of 0.1 M
NaCl solutions at fixed values of pH0 ranging between 2.0 and 12.0. After 48 h of contact, the equilibrium pHeq

wasmeasured and plotted against pH0; the pHPZC corresponds to the pH valuewhere pH0=pHeq.

2.4. Sorption tests
The experiments were performed bymixing a fixed amount of beads (m, g, the dry amount of alginate-based
material was determined by correction of thewet volumewith the fraction of water, fw)with a constant volume
of solution (V, L). The pH0 was varied for the study of pH effect and set to 5.5 for the study of other experimental
parameters. The pHwas not adjusted during the sorption, but the pHwas systematicallymonitored at the end of
the experiments (pHeq). After 8 h of contact under agitation (v: 150 rpm), the solutionwasfiltrated using 1μm-
size poremembranes and the residual concentration (Ceq, mgHg l−1 ormmolHg l−1)was determined by ICP-
AES (inductively-coupled plasma atomic emission spectroscopy, Horiba Jobin-YvonActivaM, Longjumeau,
France). The sorption efficiency (SE,%)was calculated (SE=(C0−Ceq)

*100/C0) and the sorption capacity
(qeq,mgHg g−1 ormmolHg g−1)was determined using themass balance equation: qeq=V(C0−Ceq)/m.

For the study of uptake kinetics, a wetmass of sorbent (m: 2.5 g, corresponding to 50 mgdryweight)was
maintained under agitation (v: 150 rpm) for 8 hwith a volume, V=500 ml, ofmercury solution (C0: 10 or
50 mgHg l−1). Samples were collected atfixed contact times,filtrated using 1μm-size poremembranes and the
filtrate was analyzed formetal concentration using ICP-AES.

The initialmetal concentration (C0)was varied between 2 and 250 mgHg l−1 (i.e., 0.01–1.25 mmolHg l−1)
for investigating the sorption isotherm at pH5.5. Fiftymg ofwet beads (i.e., 1 mg dryweight)weremixedwith
10 ml of eachmercury solution. After 8 h of contact, the residual concentration in thefiltrate was analyzed by
ICP-AES and the sorption capacities were calculated for the different points, and plotted in function of residual
concentration (qeq=f(Ceq)).

2.5.Modeling of sorption process and uptake kinetics
The study ofmass transfer is important for determining the equilibrium time but also for identifying the limiting
steps (and then orienting the required changes in the structure of thematerial for improving global
performance). Sorption kinetics [59]may be controlled by:

(a) the proper reaction rate, which can be approached by simple equations like the pseudo-first order rate
equation (PFORE) [60], and the pseudo-second order rate equation (PSORE) [61]. These equations, initially
developed for themodeling 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 diffusion, film diffusion and intraparticle
diffusion [62]. The resistance to bulk diffusion is generally negligible when the suspension is efficiently
agitated (preventing the heterogeneous dispersion of the sorbent), while the effect of resistance tofilm
diffusion ismainly limited to the very firstminutes of contact, especially when the agitation is weak (i.e.,
100 rpmor below). Inmost cases, for thewhole range of contact time, the resistance to intraparticle
diffusion is playing themajor controlling role. Sophisticatedmodels exist that take into account the
differentmechanisms but they require complex numerical analysis and complete characterization of the
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materials in terms ofmorphology, and textural properties [59, 63]. In a first approach, it is possible using a
simplified and independentmodeling based on theCrank equation [64]. A reminder of these equations is
reported in theAdditionalMaterial section (section 2, Eq. AM1-3).

The sorption isotherms represent the distribution of the solute between solid and liquid phases at
equilibrium and under constant temperature. Threemodels were used for analyzing sorption isotherms (a) the
Langmuir equation [65, 66], the Temkin equation [67, 68], and the Sips equation, also called Langmuir-
Freundlich equation [69–71], which are described by Eq. AM4-7, respectively (see AdditionalMaterial section,
section 3).

3. Results and discussion

3.1. Characterization ofmaterials
3.1.1. Titration and determination of pHZPC

Figure AM1 (available online at stacks.iop.org/MRX/8/035303/mmedia) (see AdditionalMaterial section)
shows the comparison of equilibrium and initial values of pHwhen applying the pH-driftmethod. The pH-
profiles are very similar for the two urea-modified samples of alginate: the degree of substitution hardly affects
the acid-base properties of thematerial. The pHZPC values are respectively 6.78 [38] and 7.13; this is about 1.7–2
pH-units higher than the value determined for the Alginate sample (i.e., pHZPC=5.04). The pKa values of acid
and guluronic acid in alginate are reported close to 3.38 and 3.65, respectively [72]. TheΔpH ismaximum (and
positive) at pH4 and tends to decrease till reaching aminimum (negative value) at pH close to 7 for alginate
sorbent. At acidic pH the sorbent is protonated (predominance of carboxylic groups), while inmild-acidic
conditions the cationic behavior decreases and the sorbent is progressively deprotonated and carboxylate groups
predominate. For urea-modified alginate, the deprotonation frontier is shifted toward higher pH values (around
pH7); thismay affect the electrostatic effects.

Table 2 reports some of the physical characteristics of sorbent hydrogels (average size of beads, water
content, etc), which are hardly affected by the chemicalmodification of thematerial. In addition, the results
obtained by acid-base titration are also reported and converted into nitrogen (i.e., amine group) content for
urea-modifiedmaterials. The amine groups are quantified intoAlginate-urea(1:1) andAlginate-urea(1:2) beads
close to 8.67 mmol N g−1 (about 12.14%,w/w) and 12.59 mmol N g−1 (about 17.63%,w/w), respectively. The
semi-quantitative analysis of Alginate-urea(1:1) by ESEM-EDX analysis confirms the order ofmagnitude in
nitrogen content (close to 11.7%,w/w (not shown)).

3.1.2. FTIR spectroscopy
The interpretation of FTIR spectra of the sorbents was already discussed in a previous paper [38]. Themain
peaks assigned to uronic acids have been identified at the followingwavenumbers: 970 cm−1, 840 cm−1,
1414 cm−1 (–C–OHbending vibration combinedwithO–C–Ovibration), 1587 cm−1 (asymmetric stretching of
carboxylateO–C–Ovibration) for alginate. After urea grafting, the typical stretching vibration of primary amine
groups is appearing at 1146 cm−1; in addition, the grafting of urea is shifting several bands in the region
1300–1000 cm−1 [38]. The zone 1300–1000 cm−1 shows different peaks or shoulders characteristic of pyranose
group: they are assigned toC–C–HandO–C–Hbendingmodes (around 1300 cm−1), C–Ostretching (around
1147 cm−1) andC–OandC–C stretching vibrations (around 1058 cm−1).

The FTIR spectra of the Alginate-urea sorbents were characterized aftermercury binding (figure 1). Hg(II)-
loaded samples were obtained by contact of the sorbents at pH5.5 for 8 hwith sorbent dosage: 0.1 g.l−1, and
initialmetal concentration, C0: 10 mgHg l−1(i.e., 0.05 mmolHg l−1). 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 3500–3400 and 3380–3300 cm−1 which are assigned to twoN-H
stretching vibrations (out-of-phase and in-phase, respectively) [38]. Aftermercury binding, these peaks are

Table 2.Characteristics and physical properties of gel beads.

Properties Alginate Alginate-urea(1:1) Alginate-urea(1:2)

Average bead diameter (mm) 2.5 2.5 2.5

Wetweight per bead (mg) 10±0.5 12.5±0.5 12.5±0.9
Dryweight per bead (mg) 0.2±0.5 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
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shifted to 3428–3315 cm−1 in the case of Alginate-urea(1:1) and 3394–3160 cm−1 in the case of Alginate-urea
(1:2). In addition, thewidth and intensity of this peak is considerably increased for Alginate-urea(1:2),
consistently with the increase in nitrogen content (as determined by titration).

The series of –CHvibrations are reported around 2976, 2918 cm−1 (in the Alginate-urea (1:2)) and
3007 cm−1(in the Alginate-urea(1:1)). AfterHg(II) sorption onAlginate-urea (1:1) themost representative
bands are identified at 1593 cm−1 (C–O stretching and –NH2 scissoring), the band around 1427 cm

−1 is
attributed toC–Nstretching vibration, Alginate-urea shows a band at 1146 cm−1 which is probably attributed
to primary amine stretching vibration, while the strong peak at 1020 cm−1may be assigned to the combination
of several bands associated toC–O–C (pyranose unit), C–Nstretching andC–Ostretching vibrations.

For the Alginate-urea(1:2)-loadedHg(II)material, bands are appearing at 1682 cm−1 (i.e., C=OandC–O
andC–Nstretching vibrations), at 1591 cm−1 (C–Ostretching andNH2 scissoring), the band around 1452 cm

−1

is attributed toC–Nstretching vibration. The intensities of the bands are stronger due to higher amine grafting.
The bands are shifted afterHg(II) binding by comparison to the spectra of the sorbents prior tometal binding
[38]. This confirms that carboxylic groupsmay be involved inmetal binding but the presence of amine groups
substantially increasemetal binding because of the strong affinity ofmercury ions for amine-based functional
groups.

3.1.3. SEMand SEM-EDXanalyses
Figure 2 shows the SEMobservation of Alginate-urea (1:1) beads (morphology and surface aspect at different
magnitudes) before and aftermetal sorption. The beads are roughly spherical with small deformations (probably
explained to drying process). The drying process induces an irregular shrinking of the beads that causes the
appearance of irregularities at the surface of thematerial (striations or ridges at lowmagnitude and smoothed
hills and valleys at highermagnitude). The generalmorphology of the beads is not changed aftermercury
sorption. Figure 3 shows the ESEM-EDX analysis of these samples (i.e., before and afterHg(II) sorption).Metal
sorption is confirmed by the appearance of the characteristic peaks ofmercury, while the peak of sodium
disappeared and the intensity of calciumdecreases (semi-quantitative analysis obtained by ESEM-EDX, not
shown).

It is noteworthy that the sorption ofHg(II) is significantly stronger onto the Alginate-urea(1:2) compared
than intoAlginate-urea(1:1) (not shown): the density of element ismuch strong intense; this will be confirmed
by the comparison of sorption capacities (see below), that, we can conclude that the adsorption ofmercury
increases with the increase in the amount of the nitrogen groups due to the functionalization at two rations of
Alginate-urea(1:1) and (1:2).

Figure 1. FTIR spectra of sorbents (Alginate-urea (1:1) andAlginate-urea (1:2)) afterHg(II) sorption.
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Figure 3.Energy dispersive X-ray analysis (EDX) of alginate-urea (1:1) beads before (a) and after (b)Hg(II) sorption.

Figure 2. SEMmicrographs of alginate beads (a); alginate-urea beads unloaded andHg (II)-loaded alginate-urea beads (b) at
(0.05 mmolHg.l−1), (the scale bars are 500, 100 and 5.0 nm, respectively).
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3.2. Effect of pHonmetal sorption
The pH is a critical parameter for the design of a sorption process. Indeed, the pHmay affect: (a) the chemical
state of reactive groups (protonation/deprotonation) and then their affinity formetal ions (electrostatic
attractionmechanism, competition effect of protons), and/or (b) the speciation ofmetal ions (especially in the
presence of ligands) [73, 74].

Figure 4 compares the sorption capacity obtained for different pH values under similar experimental
conditions for the referencematerial (i.e., Alginate beads) and formodified alginate sorbents (Alginate-urea
(1:1) andAlginate-urea (1:2)). For Alginate beads, the pHhardly affectedmetal sorption between pH4 and 7.5:
the sorption capacity varied between 5 and 12 mgHg g−1. Above pH 4, carboxylic groups are progressively
deprotonatedmaking possible the binding ofmetal cations; however, sorbent affinity formercury remains very
low. After grafting urea (and amine groups) the sorption capacities significantly increased, due to the affinity of
amine groups forHg(II). 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 groups (and carboxylic groups);
the repulsion ofmetal cations by protonated groups limitsmetal binding.While the pH increased the
protonation of amine groups progressively decreased andmetal sorption increased. Amaximum in sorption
capacity was reached closed to pH6. It is noteworthy that above pH6 the sorption capacity drastically reduced;
although the pHZPC for the two sorbents were in the range 6.7–7. Thismeans that the protonation of amine
groups is not the sole parameter that controlsmetal binding on the sorbent. Actually, the calculation ofmetal
speciation, under selected experimental conditions, usingVisualMinteq software [75], shows that at pH5 the
predominating formofmercury ions isHgCl2 (76%) completedwithHgClOH (22%).When the pH increases
the distribution ofmercury species changes: at pH 6 (optimumpHvalue)HgCl2 represents about 43% (against
47% forHgClOHand 10% forHg(OH)2) and at pH 7HgCl2 represents only 8.4% for 44%ofHgClOHand 47%
forHg(OH)2). The affinity of the sorbent formercury decreases when the distribution ofmercury is displaced
toward the formation of hydrolyzed species. The effective sorption ofmercury is then controlled by the
simultaneous deprotonation of amine groups and the predominance of neutralmercury chloride species
(against hydrolyzed species). The researchers have confirmed that belowpH6HgCl2

0 is the dominantHg species.
Other researchers have confirmed that belowpH6 theHgCl2

0 is the dominantHg species with a slight presence of
HgCl(OH)0 [76]. Arias et al (2017) confirming these results and found thatHgCl2 is the predominant species for
pH values between 3.5 and 5.5, andHg(OH)Cl orHgCl2

− are the predominant species when the pH is between
5.5 and 6.5, while at a pH greater than 6.5,Hg(OH)2 orHgCl4

2− are the predominant species [77]. Alsowe
remarked that at the pH value of 5.5 the efficacy of sorbents are better than other value and according toD.

Figure 4. (a)Effect of pHon the removal efficiency of Alginate, Alginate-urea(1:1) andAlginate-urea(1:2) beads forHg(II) ions
(t=8 h , T=20±1 °C, sorbent dosage; SD=0.1 g.l−1, C0=0.25 mmolHg l−1; agitation speed (horizontal Shaker) 150 rpm),
(b) competition betweenHg and other spaces in solution in an active site at different pHvalues.
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Zhang et al (2020)with the increase in pHvalue, protonation of amino groups becomesweaken, and their
coordination ability with heavymetal ions increases [40].

Figure AM3 (see AdditionalMaterial section 1, for complementary information) shows the pHvariation
duringmercury sorption: Inmost cases, the pH slightly increases and the variation remains below 0.5 pHunit.
The pHvariation, under selected experimental conditions (metal concentration, dose, T and t), was low enough
to avoidmetal precipitation. The profiles of pH variations are very similar for the two derivatives with an
equilibrium value that is slightly higher than the initial pH value till pH 6; above pH6 the equilibriumpH tended
to decrease (probably due to the formation of hydrolyzedmercury species) or to the release of protons due to a
diversity of reactions. Sonmez et alused grafted polyacrylamide chains formercury binding and reportedmetal
ion binding through the interaction ofHg(II)with amine groups on the acrylamidemoiety [78]:
R-(C=O)-NH-Hg+X- or R-(C=O)-NH-Hg-NH-(C=O)-R, with proton release. In the case of alginate,
equilibriumpH systematically remained below the initial pHby less than 0.5 pHunit; this is due to the
deprotonation of carboxylic groups and theweakmetal sorption does not significantly affect pH variation.

For further studies, the pHwas set to pH5.5 to prevent the possible phenomena of precipitation (at the
highestmetal concentration range, for example in the study of sorption isotherms)while preserving good
pH conditions formetal sorption (associated to the predominance of neutralmercury chloride complexes).

3.3. Uptake kinetics
Figures 5 and 6 show the kinetic profiles formercury sorption usingAlginate beads as the referencematerial and
modified alginate beads (i.e., Alginate-urea (1:1) andAlginate-urea (1:2)) for different experimental conditions.

Figure 5.Hg(II) uptake kinetics onAlginate, Alginate-urea andAlginate-biuret beads (SD: 0.1 g (d.w.) l−1; C0:0.05 and 0.25 mM (10
and 50 mgHg l−1)—mono-component solutions; T: 20°C; pH5.5; solid-lines:modelling of the kinetic profile with the PSORE and
parameters from table 4).
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Figure 6 shows the kinetic profilesfitted by theRIDE (resistance to intraparticle diffusion, the so-calledCrank
equation)whilefigure 5 shows thefits of experimental data using thePSORE.Thepreliminary observationof the
kinetic profiles shows thatwith alginatematerials aminimumof 8 h is necessary for approaching the equilibrium
while formodified alginate the equilibriumwas reachedwithin5 h. Themodificationof the sorbent not only
increases sorption capacity but alsomass transfer performance.Anyway, the uptake kinetics remains relatively
slow; this confirms the relative importance of themechanismsof resistance to intraparticle diffusionon the global
control of uptake kinetics [79, 80]. It is noteworthy that the sorbentswere used under theirwet form (without being
dried: thedryingmay cause the irreversible collapse of the porous structure,which, in turn, affects accessibility to
reactive groups andmass transfer performance) [38, 81], and causes slowkinetics [38, 82]. Actually, the kinetic
profiles can bedescribed by a two-step profile: (a) afirst initial section corresponding to 30–45minandmore than
50%–60%of total sorption), followedby (b) amuch slower sorptionphase that lasts for several hours. Thefirst
phase corresponds to the sorption at the external surface orwithin thefirst external layers of the alginate beads,
while the secondphasemay be assigned to the diffusionofmetal ions to the core of the beads.

Themodeling of kinetic profiles with theRIDE and the PSORE gives relatively good fit of experimental data.
Solid lines onfigures 6 and 5 represent thefits with theRIDE and the PSORE, using the parameters reported in
tables 3 and 4, respectively. A similar studywas performed using the PFORE (see AdditionalMaterial section,
section 2, figure AM4 and table AM1). Some discrepancies can be observed in the comparison of experimental
sorption capacities at equilibrium and the fitted values for both PFORE and PSORE. Actually the
superimposition offitted curves for the threemodels with experimental profiles shows that all of them respect
the kinetic trends. The intraparticle diffusion coefficients varywith the sorbent andmercury concentration;
however, they are all in the same order ofmagnitude (1.7–8.2×10–9m2min−1) andmuch lower than the

Figure 6.Hg(II) uptake kinetics onAlginate, Alginate-urea(1:1) andAlginate-urea(1:2) beads (SD: 0.1 g (d.w.) l−1; C0: 0.05 and
0.25 mM (10 and 50 mgHg l−1)–mono-component solutions; T: 20°C; pH5.5; 150 rpm; solid-lines:modelling of kinetic profile with
the RIDE (Crank equation) and parameters from table 3).
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self-diffusivity ofmercury inwater (i.e., 5.08×10−8m2min−1); this confirms that the resistance to intraparticle
diffusion is a controlling step in the globalmass transfer. These values are consistent with the values obtained for
Cd(II) andCu(II) sorption using similar sorbents but higher than the values reported for Pb(II) [38].

The kinetic rates (k2 for PSORE) are slightly higher for alginate derivative than for reference Alginate beads.
This confirms the observation of kinetic profiles and the little increase in the time required for reaching
equilibrium in the case of Alginate beads.

3.4. Sorption isotherms
Figure 7 shows the sorption isotherms obtained for the removal ofHg(II) frommono-component solutions at
pH3using Alginate beads as the reference and urea-graftedmaterials (i.e., Alginate-urea(1:1) andAlginate-urea
(1:2)). All the curves are characterized by a saturation plateau and a relative steep initial slope. The section 3 of
AdditionalMaterial section reports somemodels commonly used forfitting sorption isotherms [65]. The
Freundlich equation is characterized by a power-like shape (figure AM5(a), see AdditionalMaterial section) that
is not consistent with the asymptotic trends of experimental curves.

The Freundlich isotherm computed data results with a lowest R2 (0.89–0.94) value, the adsorption capacity
value obtained for alginate and alginate-urea (1:1) is consistent with the othermodels and the experimental
value. But themaximumadsorption capacity for the alginate-urea (1:2) (3.88 mmol g−1), calculated on the basis
of thismodel not agreed to experimental value (1.05 mmol g−1), with a greater value of EV andwith a lowest R2

(0.89). According to the Freundlichmodel, the equilibrium is not reached (figure AM5(a), see Additional
Material section).

TheN value greater than 1 shows surface heterogeneity. This higher value revealed the heterogeneous nature
of the adsorbent surface. Thismodel determined that theHg(II) adsorption is favorable and for this sorbent
‘alginate-urea (1:2)’ probably predicted an infinitemonolayer coverage, this strong heterogeneous character
for the second derivatives of alginate ‘alginate-urea (1:2)’ is confirmed by the value of 1/n orN, knowing that,
when the 1/n value greater than 0 and less than 1 shows surface heterogeneity. The greater the 1/n valuemore
will be the heterogeneity of the adsorbent surface [83].

On the contrary, the Langmuir sorption isotherm implicitly assumes an asymptotic shape: this equationfits
relatively well with experimental data as seen infigure 7(a). Frequently this equation shows someweakness while
fitting the curve in the concentration range corresponding to the highest curvature (here in aroundCeq:
0.1 mmolHg l−1). Anothermodel 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
in the equation; however, themodel loses its physical significance compared to themechanistic Langmuir
equation. In addition, the Temkinmodel was also tested for evaluating the energy parameters associated to the
sorption process (figure AM5(b), see AdditionalMaterial section). Table 5 reports the parameters of the different
models and their respective correlation coefficients. As expected the Sips equation shows the better correlation
coefficients for the three sorbents in agreementwith figure 7(b). However, the correlation coefficients for the

Table 3.Modeling of uptake kinetics using theCrank equation (RIDE)—Mono-component solutions (SD: 0.1 g (d.w.) l−1).

C0 (mmolHg l−1) Sorbent De×109 (m2min−1) EV

0.05 Alginate 2.362 0.078

Alginate-urea(1:1) 1.696 0.034

Alginate-urea(1:2) 1.809 0.018

0.25 Alginate 3.609 0.055

Alginate-urea(1:1) 8.222 0.028

Alginate-urea(1:2) — —

EV: estimated variance.

Table 4.Modeling of uptake kinetics using the PSORE—Mono-component solutions (SD: 0.1 g (d.w.) l−1).

C0 (mmolHg l−1) Sorbent qe,exp. (mmol g−1) qe,calc. (mmol g−1) k2×102 (gmmol−1 min−1) EV R2

0.05 Alginate 0.256 0.32 0.0191 6.51 0,9829

Alginate-urea(1:1) 0.39 0.449 0.0198 6.08 0,9964

Alginate-urea(1:2) 0.40 0.446 0.0250 4.71 0,9981

0.25 Alginate 0.460 0.58 0.0109 19.80 0,9859

Alginate-urea(1:1) 1.003 1.04 0.0285 330.3 0,9991

Alginate-urea(1:2) — — — —

EV: estimated variance.
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Langmuir equation are relatively close to the values obtained for the sipsmodel. Since the calculated sorption
capacities at saturation of themonolayer qm,L for thismodel are very close to the experimentalmaximum
sorption capacities (qm,exp) the Langmuir equationwill be preferred.

The grafting of urea almost doubles themaximumsorption capacity ofAlginate beads, from0.51mmolHg g−1

to 0.94 and1.06mmolHgg−1, forAlginate-urea(1:1) andAlginate-urea(1:2), respectively. Increasing the amount
of urea grafted on the alginate backbone above a 1:1molar ratiodoesnot significantly improve sorption capacity.
The affinity coefficient (i.e., bL) slightly decreaseswith urea substitution: from47.4 l mmol−1 forAlginate beads
to 38.2 and35.0 l mmol−1 for chemically-modified alginate. The heat of sorptiondeduced fromTemkinmodeling
(i.e., bT) is halved from31.7 kJ mol−1 forAlginate beads to 16.9 and 13.7 kJ mol−1 for urea derivatives of alginate:
this energetic criterion is consistentwith the improvement of sorption efficiencywith urea grafting onalginate
backbone. The improvement in sorption capacitywith urea grafting is obviously due to the increase in the density
of sorption sites, but also to the specific affinity of relevant reactive groups. Indeed,N-based ligands (introduced by
urea) are softer thanO-based ligands (carboxylic groupsof alginate) and they have a higher affinity forHg(II) ions,
which are considered soft acids according to thePearson’s rules (Hard&SoftAcids&Bases theory) [84]. The
softness parameter forHg(II) is close to+1.28 [85].

Tables 6 and 7 reports theHg(II) sorption properties of a series of biopolymer-based sorbents. The variation
in selected experimental conditionsmay strongly affect sorption properties andmake difficult the comparison of

Figure 7.Hg(II) sorption isotherms using Alginate, Alginate-urea(1:1) andAlginate-urea(1:2), withmodeling of experimental data
with the Langmuir (a) and Sips (b) equations and the parameters reported in table 5 (contact time; t=300 min, dosage; SD=0.1 g.l−1,
rotation speed (horizontal shaker) 150 rpm at a temperature T=20±1 °C, pHi=5.5).
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Table 5. Sorption isotherms—Parameters of the Langmuir, Freundlich, Sips
andTemkinmodels.

Model Parameter Alginate

Alginate-

urea (1:1)
Alginate-

urea (1:2)

Experimental qm,exp 0.513 0.941 1.050

Langmuir qm,L 0.507 0.938 1.068

bL 47.4 38.2 35.0

EV×103 0.56 2.11 2.77

R2 0.983 0.990 0.990

Freundlich kF 0.555 1.035 3.88

N 4.58 4.04 1.165

EV×103 3.74 10.9 27.9

R2 0.925 0.944 0.893

Sips qm,L 0.518 1.005 1.015

bS 30.79 14.01 163.8

nS 1.106 1.296 0.731

EV×103 0.63 1.37 1.44

R2 0.984 0.994 0.995

Temkin AT 1137.0 955.0 573.76

bT 31718.3 16911 13698

EV×103 1.40 2.37 10.7

R2 0.972 0.988 0.958

Table 6.Hg(II) sorption properties of selected biopolymers.

Langmuir

parameters

Material pH T (°C)
Equilibrium

time (min) qm,L
a bL

b Reference

Alginate beads 3.3 25 — 1.40 123.0 [18]
PGAbeadsc 3.3 25 — 1.50 99.9 [18]
Pectin beadsd 3.3 25 — 1.69 29.9 [18]
Alginate beads 5 25 60 0.16 13.2 [79]
AGCCe (5:2) 5 25 60 1.50 20.1 [79]
AGCCe (5:10) 5 25 60 3.32 25.3 [79]
Alginate beads 6 20 — 0.17 — [86]
Alginate beads/live F. trogii 6 20 — 1.87 3.01 [86]
Alginate beads/inactivated F. trogii 6 20 — 2.12 8.22 [86]
Thiol-grafted chitosan beads — — 1200 7.98 — [25]
Ca-alginate — — — 0.16 — [87]
Ca-alginate 5–6 25 — 0.19 — [88]
Chitosan 6 25 — 3.74 — [51]
Chitosan — — — 4.01 — [52]
GLA-crosslinked chitosan 6 25 — 0.38 — [21]
Raw chitosan spheres 6 — — 0.067 — [23]
Raw chitosanmembrane 6 — — 0.13 — [23]
GLA-crosslinked chitosan spheres 6 — — 0.16 — [23]
Chitosan bead thiol-grafted — — — 1.47 — [24]
Polyethyleneimine functionalized chitosan-lignin composite

sponge

5.5 30 360 3.31 — [40]

Magnetic thiol-modified chitosan beads 5 28 _ 3.12 1.605 [89]
Alginate beads 5.5 20 300 0.51 46.7 This work

Alginate-urea(1:1) beads 5.5 20 300 0.94 80.2 This work

Alginate-urea(1:2) beads 5.5 20 300 1.07 74.6 This work

a mmolHg g−1.
b Lmmol−1.
c Alginate-polygalacturonate salts.
d Alginate-pectate beads.
e Calcium alginate beads containing different amount of cross-linked chitosan powder.
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Table 7. Some others recent studies formercury removal.

Material pH T(°C) t/rotation speed qmmmol g−1 Model Reference

Cellulose−Lysine-Based Schiff Bases 5.0 50 60 min 1.29 Langmuir [90]
Anew functionalized hybrid adsorbent thiosemicarbazide grafting silica surface 7.0 25 30 min 0.05 Freundlich [91]
Sulfur richmicroporous polymer (SMP) 1.0 25 12 h 2.97 Langmuir [92]
New spherical nanocellulose and thiol-based (SNC-3-MPA) 5.6 25 20 min 0.49 — [93]
Magnetic spinel Fe2CuO4/rGOnanocomposite 7.0 24 60 min 6.23 Langmuir [94]
Fe3O4-nanocellulose 7.0 At roomT. 1000 rpm/90 min 4.62 Radke–Prausnitz [95]
Aminophosphonic acid functionalized fiber (PANAPF) 6.0 At roomT. 2 h 1.785 Langmuir [96]
Chitosan-magnetic graphene oxide (OFMGO ) 6.0 — 24 h 1.98 — [97]
Chitosan-magnetic-magnetic graphene oxide (OFMGO) 7.0 — 5 h 1.80 — [98]
L-cysteine doped polypyrrole (PPy@L-Cyst) 5.5 25 24 h 10.18 Langmuir [99]
FeS nanoparticles 7.0 30 24 h 4.94 Langmuir [100]
sodium carboxymethyl cellulose-FeS (CMC-FeS) 8.60

gelatin-FeS and starch-FeS 9.66 and 9.9

Melanin nanopigment obtained frommarine source: Pseudomonas stutzeri 5.6 45 200 rpm 0.41 Langmuir [101]
Guanyl-modified cellulose (Gu-MC) 6.0 25 3 h 0.24 Langmuir [102]
Bentonite-alginate composite 6.0 30, 40 and 50 6 h/200 rpm 0.424, 0.555 and 0.618 Langmuir [103]
Magnetic carbon nanotubes compositeMWCNTs-Fe3O4 natural pH 25 2 h 1.19 Langmuir [104]
Chitosan-AlginateNanoparticles (CANPs) 5.0 30 90 min 1.08 Langmuir [105]
polypyrrole/SBA-15 nanocomposite 8.0 At roomT. 60 min 0.997 Langmuir [106]
Thiourea Functionalized polypropylene fiber grafted acrylic acid 5.0 25 2 h/150 rpm 0.26 Langmuir [107]
Polyamidemagnetic palygorskite (MPG) by polyamide 5.0 — 30 min/120 rpm 1.06 Langmuir [108]
L-Cysteine functionalized bagasse cellulose nanofibers 6.8 30 30 min 0.58 Langmuir [109]
hydrazide-micromagnetite chitosan derivative 5.0 22 48 h 1.82 Langmuir [110]
amide functionalized cellulose from sugarcane bagasse 4.5 30 24 h/120 rpm 1.124 Langmuir [111]
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performances. The sorptionproperties of urea-derivatives of alginate are comparable tomost of the biopolymer-
based sorbents; however, the capacities are several times higher for biopolymers graftedwith sulfur derivatives
(thiol, thiourea, etc). The very favorable behavior of sulfur-basedderivatives is directly explainedby themuch softer
behavior of S-based ligands (compared toN-based and evenmoreO-based ligands). It is noteworthy that synthetic
resinsmay exhibit higher sorption capacities such asmagnetic glycidylmethacrylate resin (2.8 mmolHgg−1),
crosslinked quaternary amide-sulfonamide resin (3mmolHgg−1); though synthetic resins (such as resin-bound
2-pyridinethiol)havebeen also usedwith significantly lower capacities (0.28mmolHg g−1).

4. Effect of coexistingmetal ions—competitive adsorption study

The difficulty in removal of heavymetals at low concentrations (2, 5 and 10 mg l−1) has led to the exploration of
efficient adsorbents for removal of thesemetals, especiallymercury due to its toxicity and strict standards
(table 1) related to its presence in drinkingwater (0.5–2 μg l−1) [46] and industrial effluents (0.01 mg l−1).

In order to testing the effect of competition of othermetal ions in the efficiency ofmercury removal, we have
prepared five solutions with differentmetals compositions and different concentrations. Themass of 0.05 g of
alginatemodifiedwere added, separately at 500 ml of solution, at the initial pHof the solution 5.5 and
temperature of 20 °C.

In this study, we have increased the concentration ofmercury inmulticomponent solutions (0.01, 0.02 and
0.05 mmolHg/L), in order to compare the results withmercury adsorption inmonometallic solution.

The sorption isotherms onmono-component solutions have shown a better potential of the sorbents for
mercury at low concentrations, this is confirmed by a study of the selectivity and efficacies of this treatment by
bi-components, three- andmulti-componentsmetal solutions in the same conditions. The selectivity for
mercury inmulti-components solutions is influenced by the initial concentration of the solution as well as the
nature of the elements coexisting in solution. It can be seen that the efficiency decreases from97.47 to 8.7%
according to the operating conditions (figure 8 and table 8).

The result of study of the sorption of various examples ofmetallic solutions at 4 mgmetal l−1 is shown in
figure 9. It should be noted that in the binary Pb(II)/Hg(II) solution andmultiple Cd(II), Cu(II), Pb(II) and
Hg(II) solutions, the adsorbent proclaims a high affinity for lead relative tomercury (see figure 9). It is obvious
that the alginate-urea (1:1) shows good adsorption for Pb(II)with an adsorption capacity of 47–49 mg g−1 and
an efficiency ranged between 97.45%–99.58% (see figure 9). This is reasonable due to that new functional groups
has a strong affinity for thismetal, similarly the Cu(II) give a good affinity comparedwith othermetals. The
capacity adsorption of Cd(II), Zn(II) andNi(II) is low compared toCu(II) and Pb(II).

For theMercury, efficiency changes also depending on the composition of the solution. whenmercury is
found alone in solution, efficiency is 84.9% (40.5 mg g−1), then varies to 52.35, 8.7, 54.24, 62.36 and 34.80%

Figure 8. Influence of other co-existingmetal ions onHg(II) adsorption byAlginate-urea (1:1) synthesized under the same conditions
at pH=5.5 and at a room temperature.
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Table 8. Influence of other co-existingmetal ions onHg(II) adsorption at pH=5.5 andT=20 °C.

Elements in the solution ofmetals (+Hg(II)) Hg(II) Pb(II)+Hg(II) Cd(II), Cu(II), Hg(II) andPb(II) Zn(II)Ni(II) andHg(II) Cd(II), Cu(II), Pb(II), Zn(II), Hg(II) andNi(II) Cu(II), Pb(II), Zn(II), Hg(II) andNi(II)

Concentration (mgmetal l−1) Hg(II) adsorption efficiency(%)
2 81.01 59.91 20.18 97.47 76.17 64.89

4 84.91 52.35 8.7 54.24 62.36 34.80

10 67.00 50.84 12.88 43.30 30.73 22.41

16

M
ater.R

es.E
xpress8

(2021)035303
B
en
ettayeb

A
etal



with the variation of the solution composition, corresponding to the five examples of solutions presented in
figure 9.However, in any case,modified adsorbents ’ alginate-urea (1:1) and alginate-urea (1:2)’have shown a
better efficiency for the treatment of complex solutions.

5.Mechanismof adsorption

The adsorptionmechanismwas investigated by the discussions of the results obtained in the adsorption kinetics,
isotherms and ESEM-EDX analysis, similarly to the study presented recently by [96].

Various kinetics and isothermmodels were used to evaluate the adsorption data. The results obtained by the
PSOREmodel suggests that the adsorption process is a chemical interaction betweenmetal ions and active sites
rather than a simple physical adsorption process [112]. Themodeling of the results obtained for alginate-urea
(1:1) and alginate-urea (1:2)with PSOREmodel andPFORE (C0=0.05 mmol l−1) gives high values of R2

almost equal (see tables 4 andAM1, see AdditionalMaterial section).
In addition, the adsorption data ofHg(II) on the three adsorbents, fit with the Langmuirmodel implies that

the adsorption process could be considered asmonolayer adsorption and all the active sites on the adsorbent are
energetically identical [113].

The possible interaction ofHg(II)with alginate-urea is shown infigure 10. This figure gives the possible form
of alginate-urea and the proposedmechanismof their sorption. In the selected pH, the protonation of amine
groups decreases progressively, therefore, theHg(II) ions are boundwith the nitrogen atoms of the amine
groups through coordination.Moreover, the negatively charged of carboxylic group hold the positively charged
Hg(II) ions though electrostatic forces. F.C.Wu et al show that the carboxyl and unprotonated amino groups can
serve as coordination and electrostatic interaction sites for the sorption of transitionmetals [114].

The results obtained in this study can be elucidatedwithHSAB concept. Therefore, Hg2+ ions are soft acids
and themodified adsorbent, having amine groups (-NH2), are classified as hard base; so they provide a strong
interaction inHg2+metallic solution. On the basis of this theory, O-ligands (carboxylic acid groups) havemore
affinity for hard acids thanN-ligands (amine groups) and soft acids havemore affinity for -N ligands (amine
groups) than -O ligands (carboxylic groups) [38]. This confirms the coordination interactions betweenR-NH2

andHg2+. According S.Huang et al (2016) the reason of these preference is that soft acid ofHg(II) ion offers high
affinity toward soft bases of –C=OandC–CO–Cgroups andmiddle-soft bases of –NH–, –N=, and –NH2

groups [50]. However, when borderline acidicmetal ions, such as Pb(II) orCu(II) are present inmetallic
solution, they can react with the two groups –Oand –Nand lose their selective naturewhen competitive ions are
present.

Figure 9.Adsorption capacities of alginate-urea (1:1) for various example ofmetal solutions (C0=4 mgmetal l−1)with different
components.
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6. Conclusion

This study demonstrated the feasibility of removingmercury from aqueous solutions using alginate-urea
compared to alginate who has a low affinity towards thismetal, the addition of the amine function in the
structure of the alginate improve the efficiency ofmercury sorption, therefore we conclude that the amine is the
effective function in theMercury sorption, this is confirmed by the great affinity of chitosan towards thismetal.
In addition, the change in the quantity of urea to improve the efficiency this gives us an idea on the effect of the
quantity grafting on the structure of the newmaterial (the increase in -NH2 slightly increased the sorption efficiency
and consequently we can still improve the capacity if we choose the right grafting parameters).According to the
results obtained in this study, it is necessary to choosewell the added function (–NH2or others function), the
way and above all the cost because generally wewant tomodify the biosorbents to reduce the cost of the
operation of biosorption tomaintain or/and adapt the basic properties. So the researchersmust compare the
need formodificationwith respect to the basicmaterials, and for eachmodificationwe ask the questionwhat are
the contributions for eachmodification compared to the basicmaterials.

The results suggested that the grafting of urea onAlginate beads allows increasing the sorption capacity of the
biopolymer forHg(II). At optimumadsorption conditions obtained in this study (pH=5.5, SD=0.1 g/l),
alginate-urea give the adsorption yieldwere up to 80%at low concentrations in the range of 2 to 10 mgHg l−1.
However, it was demonstrated that doubling the amount of urea introduced in the reactor for the synthesis of

Figure 10.ProposedmechanismofHg(II) adsorption.
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urea derivatives of alginate is slightly significantly increase sorption performance (0.9 mmol g−1 for the alginate-
urea (1:1) compared to 1.07 mmol g−1 for the alginate-urea(1:2)): 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 higher affinity ofN-based ligands (compared to
O-based ligands of carboxylic groups) can both explain the enhancement of sorption properties for soft-acid
Hg(II) ion.

Sorption properties are controlled by the pH:metal binding is increasedwith pHdue to the deprotonation
of reactive groups and sorption properties have been tested at pH 5.5. Sorption isotherms are finelyfittedwith
the Langmuir and the Sips equations.Maximum sorption capacities reached 0.51, 0.94 and 1.07 mmolHg g−1

for Alginate beads, Alginate-urea (1:1) andAlginate-urea (1:2) beads, respectively. Uptake kinetics arewell
described by the pseudo-second order rate equation and the resistance to intraparticle diffusion (RIDE, Crank-
based equation). The intraparticle diffusion coefficient is about one order ofmagnitude lower than the self-
diffusivity ofHg(II) inwater.

Complementary experiments would be necessary to verify the selectivity of the sorbents forHg(II) or at least
the impact of other competitor ions (anions and cations) onmetal binding, with other different concentration.
In addition, it would be necessary checking the possibility to desorb themetals from loaded solid phases with the
target of concentrating the hazardous contaminant but also verify the recyclability of the sorbent (tomake the
process competitive).
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