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ABSTRACT: A novel adsorbent for Hg(II), mercapto-functionalized alkali lignin (AL-SH) was synthesized by Friedel–Crafts alkylation

reaction and nucleophilic substitution reactions. The adsorbent was characterized by the techniques of Fourier transform-infrared

spectroscopy (FT-IR), elementary analysis and thermogravimetric analysis, and N2 adsorption techniques. The effect of various

parameters on Hg(II) adsorption process such as initial pH, contact time, ionic strength, initial Hg(II) concentration, temperature,

and adsorbent dosage were investigated in detail through batch static experiments. The results indicated that the adsorption process

of Hg(II) on AL-SH was mainly dependent on the pH and the optimal pH value was at pH ranging from 4.0 to 6.0. The adsorption

process was found to follow pseudosecond-order kinetics and the main process was chemical adsorption, which equilibrated at 8 h.

The adsorption isotherm was better described by Langmuir and Temkin isotherm equations compared to Freundlich isotherm

equation and the maximum adsorption capacity obtained was 101.2 mg g21 (pH 5 4.0, 20�C, initial Hg(II) concentration was 200

mg L21). The thermodynamic parameters of DH0
ad and DS0

ad were positive while DG0
ad was negative, revealed that the adsorption of

Hg(II) onto AL-SH was a spontaneous and endothermic process with increased entropy. VC 2014 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 2014, 131, 40749
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INTRODUCTION

Mercury is widely used in the chlor-alkali, plastics, metallurgy,

electronics, and other industries because of its unique proper-

ties.1 However, the Hg(II)-containing wastewater discharged

from these industries has created a major global concern due to

its bioaccumulative and its potential risk to human health.2

Hence, controlling of mercury emissions has been recognized to

be extremely important to the environment and biota. In recent

years, much effort has been devoted to developing techniques to

remove Hg(II) from water such as chemical precipitation, ion

exchange, membrane filtration, electrolytic methods, solvent

extraction, reverse osmosis, and adsorption.3–14 Among the

methods mentioned above, adsorption technique using low-cost

biosorbents is an attractive and economical one for the treat-

ment of Hg(II)-laden wastewater owing to its easiness of opera-

tion and simplicity of design. Therefore, it is especially

important to develop a low-cost adsorbent with strong affinities

and high uptake capacity, such as lignin, chitosan, agricultural

byproducts, and polysaccharide materials to adsorb the targeted

heavy metal ions from wastewater.15–18

Lignin, next to cellulose, is an abundant and renewable bioma-

terial widespread in every vascular plant. The structure is com-

posed of three different types of phenylpropane units, which

linked together with ether and carbon–carbon linkages formed

an irregular three-dimensional network biopolymer.19 Alkali lig-

nin is generally produced mainly coming from pulp and paper

making industry and biomass fractionation. The molecule con-

tains many active functional groups such as hydroxy, phenol

hydroxy, carboxyl, and methoxy group, which make lignin as a

promising material for ion exchange and adsorption.20 However,

the relatively poor capacity of alkali lignin limits its applications

as an adsorption material to remove heavy metals. Conse-

quently, it is necessary to introduce functional group(s) with

high affinity and selectivity for specified metal ions to prepare

some advanced lignin adsorbent through chemical modification

reaction. Mercapto groups strongly bonded with mercury com-

pounds have shown high affinity and high selectivity for Hg(II)

removal from aqueous media.21–24

In our previous study, chlorinated lignin (ChL) was prepared

successfully after treating alkali lignin with 1,2-dichloroethane
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(DCE) by Friedel–Crafts alkylation reaction and then the ChL

was modified via nucleophilic substitution with ethylenediamine

to increase its functionality and surface activity.25 Based on the

previous study, we prepared a novel mercapto-functionalized

ChL and used it to remove Hg(II) ions from aqueous solutions.

The characterization of adsorbent was analyzed by fourier

transform-infrared spectroscopy (FT-IR), element analysis, ther-

mogravimetric analysis (TGA), and N2 adsorption techniques.

The effects of experimental parameters such as pH, ionic

strength, contact time, initial concentration, temperature, and

adsorbent dosage on adsorption were also investigated in batch

systems.

EXPERIMENTAL

Materials

Alkali lignin was purchased from Shandong Yiyuan Xuemei

Paper Company (Shangdong, China) and was used without fur-

ther purification. 5-Br-PADAP (98%) was obtained from Alad-

din Chemical. DCE, anhydrous aluminum chloride, Mercury(II)

chloride, and other chemicals used in this work were analytical

grade and obtained from Kelong Chemicals Company

(Chengdu, China). NaHS solution (30%, mass fraction) was

synthesized in the laboratory.

Preparation of Modified Alkali Lignin

Preparation of ChL. ChL was prepared according to the

method described in our previous work. Briefly, 20 g of alkali

lignin and 250 mL of DCE were catalyzed by 60 g of anhydrous

aluminum chloride, maintaining the reaction temperature at

65�C for 6 h with magnetic stirring. The reaction was quenched

by adding mixture of ice water followed by dilute hydrochloric

acid. The products (ChL) were thoroughly washed with distilled

water and then with acetone and finally dried overnight at 90�C
for further preparation.

Preparation of Mercapto-Functionalized Alkali Lignin (AL-SH).

Twenty five grams of ChL and 200 mL NaHS aqueous solution

were added into a three-necked round-bottomed flask with

magnetic stirring. After stirring overnight at room temperature,

the reactor was immersed into a water bath at 60�C and

refluxed while stirring for 4 h, then the mixture was acidified

with HCl. The precipitate was filtered out and washed with dis-

tilled water thoroughly till no precipitate could be detected in

filtrate by 0.1 mol L21 AgNO3 solution. The AL-SH product

was dried in a convection oven at 80�C for 24 h. The total

preparation processes of AL-SH are expressed in Scheme 1.

Characterization

FT-IR spectra of dried samples in potassium bromide discs were

recorded at 400–4000 cm21 using a Nicolet-5700 model FT-IR

spectrometer. Elemental analysis of AL and AL-SH were carried

out with a Vario EL cube elemental analysis instrument. The

thermogravimetric analysis (TGA) were performed with a Met-

tler SDTA851e instrument system at a heating rate of 20�C
min21 up to 900�C in N2 atmosphere. Specific surface areas,

pore volumes, and pore radius’ of samples were determined

with N2 adsorption at a liquid nitrogen temperature (77 K) on

a surface analyzer (SSA-4200, Beijing Builder Electronic Tech-

nology Co.). Prior to analysis, the samples were degassed for 12

h at 130�C in a vacuum system at a pressure lower than 1024

Torr. The specific surface area of the sample was calculated by

the BET method, and the total pore volume was evaluated from

the last point of the isotherm at relative pressure equal to 0.998.

Sorption Experiments

The samples of AL-SH used for Hg(II) adsorption were investi-

gated at different initial pH, ionic strength, contact time, initial

concentration of Hg(II), temperature, and adsorbent dosage.

The Hg21 stock solution (500 mg L21) was prepared by dissolv-

ing HgCl2 in double-distilled water and acidified with concen-

trated HCl to prevent hydrolysis. The desired different initial

concentration of Hg(II) was prepared by proper dilution of the

stock solution. The initial pH of the Hg(II) solution was

adjusted to the desired pH by sodium hydroxide (0.1 mol L21)

and hydrochloric acid (0.1 mol L21). The ionic strength of the

solution was adjusted by KNO3. All adsorption experiments

were carried out in triplicate by shaking a fixed amount of AL-

SH with 100 mL of Hg(II) ions aqueous solution at a predeter-

mined concentration, desired pH, ionic strength, and tempera-

ture in an electrically thermostatic reciprocating shaker at 150

rpm and mean value of the results (differences less than 3%)

were used for data analysis. After adsorption, solid–liquid sepa-

ration was achieved by centrifugation at 5000 rpm for 10 min,

and the residual Hg(II) concentrations were analyzed by 5-Br-

PADAP spectrophotometric method at 563 nm.26 (To make

Scheme 1. Synthesis route of AL-SH.

Table I. Elemental Analysis of AL-SH and AL

Sample

Element/%(mass)

C H N S

AL-SH 59.51 5.124 0.53 5.276

AL 59.74 5.386 0.94 1.273
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spectrophotometric determination, 5 mL of the sample solution

containing not more than 35 lg of mercury was transferred to

a 25 mL volumetric flask, then 1.5 mL of 5-Br-PADAP which

was prepared by dissolution in ethanol (0.5 mmol L21), 3 mL

of borax-hydrochloric acid buffer solution (pH 9.10), and 3 mL

of sodium dodecyl sulfate (10 g L21) were successively added.

Finally, the mixture was diluted to the mark with distilled water

and shaken properly to get it well mixed, then set aside for 5

min and measured the absorbance at 563 nm against a reagent

blank. A calibration curve was prepared for 0–35 lg of mer-

cury). All the experimental data were the average of triplicate

determinations, and the average uncertainties were <5%. The

equilibrium adsorption capacity qe (mg g21) and removal effi-

ciency (E%) was calculated as follows:

qe5
ðC02CeÞV

1000w
(1)

Eð%Þ5 C02Ce

C0

3100 (2)

where C0 (mg L21) and Ce (mg L21) are the initial Hg(II) con-

centration and Hg(II) concentration after adsorption, respec-

tively. V is the volume of the solution in mL and w is the

weight of the adsorbent in g.

RESULTS AND DISCUSSION

Characterization

On comparison between the FT-IR spectrum of alkali lignin

and that of the AL-SH (figure not shown here), it was found

that within a certain scope, the characteristic groups of AL-SH

are almost the same to those of AL, their spectra are similar to

each other, just the peak intensities changes. The appearance of

new double peaks of S–H were found at 2338 and 2362 cm21,

which are typically very weak due to the aggregation of mer-

capto groups within the monolayer and hydrogen binding

effects.27 The results demonstrated that the modification on AL

not only introducing new functional groups (ASH) successfully

but also remain the primary functional groups of AL.

The elemental analyses (C, H, N, and S) of dried samples of AL

and AL-SH are given in Table I. The results indicated that the

elements C, H, N, and S were present both in the AL and AL-

SH samples. The C, H, and N contents of AL-SH were slight

declined than those of AL, which were ascribed the increase of

total mass after chemical modification. Whereas the sulfur con-

tents of AL-SH were 4% richer than that of AL. The above

results implied that ASH fractions were introduced onto AL

successfully.

In general, it was thought that large specific surface areas and

pore volumes was attributed to better physical adsorption.28–30

Figure 1 shows the nitrogen adsorption–desorption isotherm

and pore size distribution of alkali lignin and AL-SH, and the

pore characteristics are shown in Table II Compared with

Figure 1. Nitrogen adsorption–desorption isotherms of AL and AL-SH.

Table II. Pore structure Parameters of AL-SH and AL

Sample
BET
(m2 g21)

Total pore
volume
(cm3 g21)

Mean pore
diameter (nm)

AL-SH 11.72 0.083 14.26

AL 12.98 0.079 12.17

Figure 2. DTG and TG curves of AL and AL-SH.
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alkali lignin, the BET surface areas of AL-SH became lower

after chemical modification. It might suggest that some large

pores became clogged after chloration and sulfhydrylation.

However, the introduced mercaptoethyl groups could bring

excellent effects on the pore enlargement, therefore, the total

pore volume and pore diameter increased, which benefit to

expose the active sites and also benefit to chemical sorption. It

can be concluded that mercapto-functionalized AL presents an

adequate physical and chemical characteristics to adsorb metal

ions. These findings were parallel to the Smaail Radi’s work.31

Thermogravimetric curves of virgin lignin and AL-SH were

investigated (Figure 2) and the DTG curve of the alkali lignin

exhibited a relatively simple band with a peak at around 384�C,

indicating an almost single decomposition stage. Whereas AL-

SH exhibited a significant two-stage decomposition band. The

peak at 279�C may be attributed to the breakage of functional-

ized groups of AL-SH as a result of degassing hydrogen sulfide.

The second peak at 420�C corresponds to the decomposition of

the modified lignin backbone. For a main decomposition tem-

perature shifting higher from AL to AL-SH it indicated that

ASH grafting to the lignin structure would help to improve the

thermal stability of modified alkali lignin since the AL-SH has

about 40�C higher thermal decomposition temperature com-

pared to that of raw alkali lignin. A reasonable explanation that

can be considered is that of an interchain steric hindrance

caused by chlorination process, Friedel–Crafts alkylation reac-

tion, and nucleophilic substitution reactions, which impeded

the chemical bond breakage. All analysis results indicate the

reactions shown in Scheme 1 are carried out as expected.

Adsorption of Hg(II) on AL-SH

Effect of pH on Adsorption. Aqueous phase pH is one of the

most important factors on metal ion adsorption onto adsorb-

ent, which affect the dissociation of active functional sites on

the sorbent and also governs the hydrolysis, complexation, and

precipitation of metals.32 The effect of pH value on the adsorp-

tion amount of AL-SH is given in Figure 3. As it is shown, the

pH increasing from 1.0 to 4.0, the adsorption capacity of Hg(II)

ions increases with the optimum achieved at pH 4.0 and

remains nearly constant up to pH 6.0. At this pH range (4.0–

6.0), Hg(II) ions exist as Hg21 and HgCl1 species in water

solution. With the introduction of mercapto groups (ASH)

onto the AL, Hg(II) ions could be absorbed by AL-SH to form

stable AL-S-Hg-S-AL and AL-S-HgCl complex.17,33 It is known

that mercapto group (ASH) is a weak acid chelate group and

has great affinity for H1. The AL-S-Hg-S-AL and AL-S-HgCl

complex become instable when the pH decreased, the adsorp-

tion capacity of Hg(II) ions thereupon decreased. At higher pH

values (>6.0), precipitation of Hg(II) hydroxide occurs simulta-

neously with the adsorption of Hg(II) ions.34 Hence, pH 5 4.0

was chosen for the adsorption of Hg(II) ions.

Effect of Ionic Strength on Adsorption. Extensive investiga-

tions carried out on adsorption of Hg(II) revealed that the

adsorption capacity of Hg(II) was strongly influenced by the

concentration of the electrolyte ion added to the solution and

found that a rise in ionic strength led to a decrease in the

Hg(II) uptake capacity because of the decrease in the activity of

metal ions and the increase in concentration of competing cati-

ons.35–37 Figure 4 presents the effect of the ionic strength on

the Hg(II) adsorption capacity. As seen in Figure 4, increasing

the ionic strength from 0 to 1 mol L21 did not lead to a

decrease in Hg(II) adsorption. It is noteworthy that inorganic

salt has not shown significant interference in Hg(II) uptake.

The adsorption capacity of Hg(II) on AL-SH remains almost

constant, which may be further specified that the mercapto

groups of AL-SH mainly contributed to metal uptake. Similar

results happened to Hg(II) adsorption on amine-modified atta-

pulgite37 and polyaniline/attapulgite composite.38 Considering

the ineffective of ionic strength on the Hg(II) adsorption

Figure 3. Effect of pH on adsorption of Hg(II) (Hg(II): 200 mg L21,

adsorbent dose: 1 g L21, contact time: 12 h and temperature: 20�C).

Figure 4. Effect of ionic strength on Hg(II) adsorption of AL-SH (initial

Hg(II): 200 mg L21, adsorbent dose: 1 g L21, pH 5 4.0, contact time: 12 h

and temperature: 20�C).

Figure 5. Effect of contact time on adsorption of Hg(II) on AL-SH

(Hg(II): 200 mg L21, adsorbent dose: 1 g L21, pH: 4.0 and temperature:

20�C).
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capacity, the ionic strength was not adjusted in the following

experiments.

Effect of Contact Time and Adsorption Kinetics. The effect of

contact time on the adsorption extent of Hg(II) on AL-SH (Fig-

ure 5) was investigated at initial Hg(II) concentration of 200

mg L21 using 1 g L21 of adsorbent dosage (pH 5 4.0, 20�C).

Figure 5 shows that a rapid initial uptake rate of Hg(II) in the

first 3 h and, thereafter, the adsorption rate slowly declined

with lapse of contact time and it remained practically constant

after adsorption equilibrium was established at about 8 h. The

variation in the extent of adsorption may be due to the fact

that numerous vacant surface sites were available for adsorption

during the initial stage and the solute concentration gradient

was relatively high. Consequently, the extent of Hg(II) species

removal decreased with the increase of contact time, which was

dependent on the decrease in the availed adsorption site on the

surface of AL-SH and the decreased Hg(II) solute concentration

gradient, and also the repulsive forces between Hg(II) ions

adsorbed on the AL-SH and the solution phase.39 Generally,

when adsorption involves a surface reaction process, the initial

adsorption is rapid and as the availed adsorption site gradually

decreases, the lower adsorption rate would follow. This is con-

sistent with studies reported before.40,41 Considering the suffi-

cient removal of Hg(II) by AL-SH, the contact time was set to

8 h in the following experiments to ensure adsorption condi-

tions were achieved.

According to the data obtained from this experiment, different

kinetic models including pseudofirst-order, pseudosecond-order

model, and intraparticle diffusion models have been used to

explicate the potential rate-controlling steps and predict the

adsorption kinetics of the adsorption process. The Lagergren

pseudofirst-order model and pseudosecond-order kinetic model

were expressed by the following eqs. (3) and (4), respectively.42,43

ln ðqe2qt Þ5ln qe2k1t (3)

t

qt

5
1

k2qe
2
1

t

qe

(4)

where t is the contact time (h), qt and qe are the amounts of

Hg(II) absorbed at time t and at equilibrium (mg g21), respec-

tively. k1 (h21) and k2 (g(mg h)21) is the rate constant of

pseudofirst-order and pseudosecond-order adsorption, respec-

tively. Plotting ln (qe 2 qt) and t/qt against t (Figure 6) enables

one to obtain k1, k2, and qe(cal) from the slope and intercept,

and the results are listed in Table III. As it is evident in Table

III, the calculated equilibrium adsorption capacity qe(cal) using

the pseudosecond-order model is much closer to the experi-

mental qe(exp) values, other than the dramatic difference between

qe(exp) and qe(cal) from pseudofirst-order model, the R2 value of

pseudosecond-order kinetics model is higher than that of

pseudofirst-order kinetics model. So, it can be concluded that

the adsorption kinetics of Hg(II) on AL-SH fit better into the

pseudosecond-order kinetics model in contrast to the

pseudofirst-order model. The pseudosecond-order rate law

expression is based on the assumption that the rate limiting

step is chemical sorption.44 It is possible to say that the Hg(II)

ions adsorbed on mercapto groups grafted in AL-SH via chemi-

cal sorption or chemisorptions. Similar results have been

obtained for Hg(II) adsorption by polyacrylamide/attapulgite,45

thiourea-modified magnetic chitosan microspheres,46 and form-

aldehyde crosslinked-modified chitosan–thioglyceraldehyde

Schiff ’s base.47

The kinetic experimental data were also applied to the intrapar-

ticle diffusion model using the following equation.48

qt 5kit
1
21C (5)

where qt (mg g21) is adsorption capacity at any time t, ki (mg

h1/2 g21) is the intraparticle diffusion rate constant and C (mg

g21) is the film thickness. If intraparticle diffusion is the rate-

limiting step, the plot of qt against t1/2 should be a straight line

and pass through the origin. In contrast, if the experimental

Figure 6. The pseudofirst-order kinetics (a) and the pseudosecond-order kinetics (b) for the adsorption of Hg(II) onto AL-SH.

Table III. The Kinetics Parameters for the Adsorption of Hg(II) on AL-SH

qe(exp) (mg g21)

Pseudofirst-order Pseudosecond-order

k1 (h21) qe(cal) (mg g21) R2 k2 (g mg21 h21) qe(cal) (mg g21) R2

101.2 0.09 40.9 0.804 0.02 111.1 0.999
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data exhibit multilinear plots, two or more steps influence the

adsorption process.49 Figure 7 shows the plot of the amount of

Hg(II) adsorbed (qt) versus the square root of time (t1/2). It is

evident from Figure 7 that the intraparticle diffusion plot in

this case was not through the origin and can distinguish three

distinct regions. The sharp first linear portion is attributed to

the film diffusion and the second linear portion is due to the

pore diffusion. The third portion indicates the final equilibrium

stage where intraparticle diffusion starts to slow down because

of the extremely low adsorbate concentrations in the solu-

tion.50,51 This suggests that the adsorption of Hg(II) on AL-SH

involved intraparticle diffusion, but it was not the only rate-

controlling step.

Effect of Initial Concentration and Isotherm Model. The effect

of the initial Hg(II) concentration on the adsorption capacity

and the adsorption isotherms of Hg(II) on AL-SH are displayed

in Figure 8. Experimental studies were carried out with varying

the initial Hg(II) concentration from 50 to 300 mg L21 at

20�C, using 1 g L21 of adsorbent dosage at pH 4.0 for 8 h. As

can be seen from Figure 8, the equilibrium adsorption amount

increased significantly along with increasing initial concentra-

tion; this meant that the adsorption process was highly concen-

tration dependent. The increase in the adsorption capacity of

AL-SH with relation to Hg(II) concentration was probably due

to the saturation of available active adsorption sites on AL-SH

and a high driving force for mass transfer. Similar results were

reported in metal ions adsorption by other researchers.52–55

However, above a certain concentration, there was a slow

increase in the adsorption capacity, which tended toward satu-

rated values with a decrease in the content of available mer-

capto groups. For an initial Hg(II) concentration of the 300 mg

L21, the saturation adsorption capacities of Hg(II) on AL-SH

were found to be 112 mg g21.

The equilibrium data for this study were analyzed in the light of

three well-known models: Langmuir, Freundlich, and Temkin

models. The Freundlich isotherm assumes nonideal sorption on

heterogeneous surfaces and multilayer sorption, Langmuir iso-

therm is used for the monolayer adsorption on a homogenous sur-

face, whereas Temkin isotherm suggests that the heat of adsorption

would decrease linearly with the increase of the coverage of the

sorptional centers of an adsorbent. The adsorption equilibrium

data presented in Figure 8 were applied to Langmuir isotherms eq.

(6), Freundlich isotherms eq. (7), and Temkin isotherm eq. (8).12

Their expressions can be presented by the following equations:

Ce

qe

5
Ce

qmax

1
1

qmaxb
(6)

Figure 8. Effect of Hg(II) concentration and adsorption isotherms of

Hg(II) on AL-SH (contact time: 8 h, adsorbent dose: 1 g L21, pH: 4.0

and temperature: 20�C).

Figure 9. Langmuir (a), Freundlich (b), and Temkin (c) isotherm model

for the Hg(II) adsorption onto AL-SH.

Figure 7. Intraparticle diffusion model for the adsorption of Hg(II) on

AL-SH.
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log qe5log KF1
1

n
log Ce (7)

qe5B ln A1B ln Ce (8)

where qe(mg g21) and Ce(mg L21) are the amount of adsorbed

Hg(II) per unit weight of adsorbent and Hg(II) concentration

in solution at equilibrium, respectively. KF ((mg g21)(mg L)1/n)

indicates the multilayer adsorption capacity and n, an empirical

parameter related to the intensity of adsorption. b (L mg21) is

Langmuir constant relating the free energy of adsorption. qmax

(mg g21) is the monolayer uptake capacity of the adsorbent. A

and B are the Temkin constants, A is the equilibrium binding

constant corresponding to the maximum binding energy and

constant B is related to the heat of adsorption.56 The Langmuir,

Freundlich, and Temkin constants were calculated from the

slopes and intercepts of the plots of Ce/qe versus Ce [Figure

9(a)], log qe versus log Ce [Figure 9(b)], and qe versus ln Ce

[Figure 9(c)] and were represented in Table IV. The Freundlich

constant value of n obtained is 4.55 and KF is 36.56 ((mg

g21)(mg L)1/4.55) indicating that the adsorption was favorable.

From the Langmuir isotherm, the predicted maximum adsorp-

tion capacities (qmax(cal)) is 125 mg g21, which is very close to

the experimental value. By comparing the correlation coeffi-

cients, it can be concluded that the Langmuir and Temkin equa-

tion in which R2 are close to unity to fit the experimental data

better than the Freundlich isotherm equation for the description

of the adsorption equilibrium system. Therefore, it could be

stated that the adsorption of Hg(II) onto AL-SH generates in

both monolayer sorption and heterogeneous surface conditions

as the high values of the correlation coefficient between the

adsorbate–adsorbent system for the three isotherm models.57 A

comparison of the maximum adsorption capacities (qmax,(cal))

for Hg(II) ions obtained in this work with some other biosorb-

ents for Hg(II) reported in the literature from the Langmuir

model is shown in Table V.

Effect of Temperature and Adsorption Thermodynamics. To

investigate the effect of the temperature (20, 30, 40, 50, and 60�C)

on the Hg(II) adsorption, the experiments were conducted at

constant initial concentrations of Hg(II) (200 mg L21), pH of 4.0

for 8 h. The results are shown in Figure 10. As can be seen from

Figure 10, temperature has great influence on the adsorption

capacity. The adsorption capacity of AL-SH for Hg(II) almost lin-

ear increases with the increasing of temperature. The thermody-

namic parameters such as standard Gibbs free energy of

adsorption (DG0
ad), enthalpy change (DH0

ad), and entropy change

(DS0
ad) were calculated using the following equations:

DG0
ad52RT ln Kad (9)

ln Kad5
DH0

ad

RT
1

DS0
ad

R
(10)

where Kad is the thermodynamic equilibrium constant defined

by Kad 5 qe/Ce, R is the ideal gas constant, and T is the abso-

lute temperature (K). By plotting ln Kad versus T21 (shown in

Table IV. Isotherm Parameters for the Adsorption of Hg(II) by AL-SH

Langmuir equation Freundlich equation Temkin equation

b (L mg21) qmax (mg g21) R2 n KF (mg g21)(mg L)1/n R2 A (L g21) B R2

0.086 125 0.997 4.55 36.56 0.988 4.80 16.43 0.999

Table V. Maximum Uptake Capacity for the Adsorption of Hg(II) onto Various Biosorbents

Biosorbent Temperature (�C) qmax (mg g21) Reference

AL-SH 20 125 Present work

Lignin 24 6 1 74.7 [17]

Ethylenediamine modified peanut shells 25 30.72 [30]

Formaldehyde crosslinked modified chitosan–thioglyceraldehyde Schiff’s base 30 98 6 2 [47]

Rice husk ash 15 9.32 [58]

Crosslinked chitosan membranes 25 75.5 [59]

Chemically modified Egyptian mandarin peel 20 23.26 [12]

Malt spent rootlets 25 50.4 [60]

Lichen (Xanthoparmelia conspersa) 20 82.8 [61]

Figure 10. Effect of temperature and the relationship of ln Kad and T21

(Hg(II): 200 mg L21, adsorbent dose: 1 g L21, pH: 4.0 and contact time: 8 h).
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Figure 10), the values of DH0
ad and DS0

ad can be calculated from

the slope and intercept, and they are given in Table VI. As is

evident in Table VI, DG0
ad is negative sign at the defined temper-

ature, which suggests the spontaneous nature of Hg(II) adsorp-

tion onto the AL-SH. In addition, with the increasing of

temperature, DG0
ad decreases, which reveals that the sorption

process of Hg(II) on AL-SH is more favorable at higher temper-

atures. This is in good agreement with their adsorption capaci-

ties. The positive values of DH0
ad indicate that the adsorption of

Hg(II) on the AL-SH is an endothermic process. In addition,

the positive value of DS0
ad suggests the increasing randomness at

the solid/solution interface during the adsorption and indicates

the stability of adsorption process with no structural change at

solid–liquid interface.62,63

Effect of Adsorbent Dosage. The adsorbent dosage is an impor-

tant parameter because it determines the removal ability of an

adsorbate. The effect of AL-SH dosage on the Hg(II) adsorption

process was studied at temperature 20�C with varying amounts

(0–5 g L21) of AL-SH using 100 mL of initial concentration of

Hg(II) at 200 mg L21 at pH 4.0 and the results are illustrated in

Figure 11. It can be seen that the removal efficiency increases with

increasing AL-SH dosage, which could be attributed to the more

available active sites and the higher surface area for adsorption.

With the AL-SH dosage increasing to approximate 4 g L21, the

removal efficiency approaches to 90% and then increases slightly

with AL-SH dosage. The maximum removal efficiency is over

94% when AL-SH dosage reaches 5 g L21. Conversely, the adsorp-

tion capacity (qe) decreases with increasing the AL-SH dose. The

observed decrease in adsorption capacity is due to adsorption

sites remaining unsaturated during the adsorption process.

CONCLUSIONS

Based on the experimental results, the following conclusions are

made.

1. A novel mercapto-modified alkali lignin (AL-SH) adsorbent

that has great affinity for Hg(II) was synthesized by Friedel–

Crafts alkylation reaction and nucleophilic substitution reac-

tions with alkali lignin.

2. Aqueous phase pH has great influence on the adsorption

process of Hg(II) on AL-SH and the optimal pH value was

at pH ranging from 4.0 to 6.0. To some degree, the adsorp-

tion capacities depend partly on the contact time, and the

equilibrium time was 8 h, the result of fitted adsorption

kinetics curve indicated that the adsorption process fit better

into the pseudosecond-order kinetics model.

3. The adsorption isotherm model of AL-SH for Hg(II) was better

described by Langmuir isotherm equation and Temkin iso-

therm equation compared to Freundlich isotherm equation.

4. The adsorption capacity of AL-SH for Hg(II) is influenced

by temperature and the adsorption process was a spontane-

ous and endothermic process with increased entropy on the

basis of thermodynamic analysis.

5. Ionic strength has not shown significant interference in Hg(II)

uptake, the removal efficiency increases with increasing AL-SH

dosage and the maximum removal efficiency is over 94%.
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