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Abstract: Batch sorption experiments were performed for the removal of
chromium(l11) ions from agueous solutions using Romanian Sphagnum moss
peat (untreated and treated with NaCl solution) as sorbent. In order to establish
the best conditions for the sorption of chromium(l1), the influence of initial
pH, contact time, peat dose and metal ion concentration was investigated. The
Freundlich, Langmuir and Dubinin-Radushkevich models were applied to
describe the sorption isotherms and to calculate its constants. The experimental
data fitted well to the Langmuir model with a maximum sorption capacity of
18.6 mg Cr(l11)/g of peat. The mean free energy of sorption suggests that the
binding of Cr(l11) on peat occurred through an ion exchange mechanism. The
kinetic data evaluated by pseudo-first order and pseudo-second order kinetic
models showed that the sorption of chromium onto the peat followed a pseudo-
-second order rate equation. The chromium(l11) could be easily eluted from the
loaded peat using 0.10 M HCI and the peat may be reused in several sorp-
tion/desorption cycles. The experimental results indicated the potential of
Sohagnum moss peat for removal of Cr(111) from wastewaters.

Keywords. ohagnum moss peat; Cr(111), sorption; equilibrium studies; kinetics.

INTRODUCTION

Chromium is an important metal used in many industrial activities, including
electroplating, leather tanning, electric-power production, pulp production, paint
and pigment manufacture and ore and petroleum refining. These activities pro-
duce significant quantities of chromium wastes, which can generate a conside-
rable pollution of water and soil.

The stable oxidation states of chromium in the environments are Cr(I11) and
Cr(VI), which are found in several different forms according to pH.1 The toxicity
of soluble chromium species and their mobility in aguatic and terrestrial envi-
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ronments depends on their oxidation state. Cr(l11) is considered less toxic than
Cr(VI1) and even essential to human health in trace concentrations. However, at
increasing concentrations, Cr(l11) can cause adverse effects because of its high
capability to coordinate various organic compounds, resulting in inhibition of
some metallic-enzyme systems.1.2 Meanwhile, Cr(VI) is a confirmed human
carcinogen and epithelial irritant.23 The tolerance limit for aqueous effluents
discharge into inland waters is 1.0 mg/L for total chromium (Cr(111) and Cr(VI))
and 0.10 mg L1 for Cr(V1).4

Severa technologies have been developed to remove heavy metals, parti-
cularly chromium, from industrial wastewater; these include chemical precipita-
tion, coagulation/flocculation processes, membrane filtration, oxidation proces-
ses, activated carbon adsorption, reverse osmosis, ion exchange and solvent ex-
traction.> Many of these processes are often complicated and time consuming,
generate slugs or other toxic wastes and may be ineffective or expensive. Ad-
sorption is one of the important methods for the removal of heavy metals at
medium and low concentrations (1-100 mg/L) from wastewaters. The high cost
of commercial activated carbons has stimulated the search for cheaper aterna-
tives and, recently, non-conventional and low cost agricultural by-products have
been employed as adsorbents in the removal of heavy metals.6-° Various mate-
rials of this type have been investigated for the removal of chromium species;
these include agricultural or industrial wastes processed into activated car-
bons,10-13 peat, 14,15 sawdust,16 and several biomasses,17-20

Peat is an inexpensive and widely available natura material, consisting of
organic matter at various stages of decomposition; the main components are lig-
nin, cellulose, and humic and fulvic acids. These components contain various
polar functional groups, especially weakly acidic groups such as carboxyl and
phenolic hydroxide that can be involved in chemical bonding of transition metals
and polar organics.2! The ability of peat to remove heavy metals, such as cooper,
cadmium, lead, nickel and chromium, has been reported by many authors,21-30

In this study, the sorption capacity of Romanian Sohagnum moss peat for
chromium(l11) ions was investigated under batch conditions, whereby various
process parameters, such as initial pH, adsorbent dose, chromium concentration
and contact time, were considered. The sorption data were tested fitted to a num-
ber of isotherm and kinetic models, with the view of understanding the mecha-
nism of Cr(I11) sorption using moss pest as the adsorbent.

EXPERIMENTAL

Materials

In this study, a commercially available Sphagnum moss peat (Poiana Stampei, Romania)
was used. The material was air-dried, ground and sieved to particles size 1-2 mm. Some of
the main characteristics of the peat were determined according to standard methods; the
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results (Table 1) suggest a peat with a low degree of decomposition. This was designated P-H
(peat in hydrogen form).

TABLE I. Characteristics of the Sohagnum moss peat

Property Vaue
pH (1:50, w/v deionised water) 4.05+0.05
Ash content, mass % w/w 4.85
Organic mater, mass % 84-85
Moisture content, mass % 10.5-11
Cation exchange capacity, meq gt of peat® 0.575

*Determined by pH-metric titration in 0.1 M NaCl solution

In order to improve the dissociation of the weak carboxylic groups from the peat, an
amount of sorbent was treated for 24 h with 1.0 M NaCl solution, washed with distilled water
and dried. This sorbent was designated P-Na (peat in sodium form).

A stock solution of Cr(I11) (520 mg/L) was prepared by dissolving analytical reagent
grade chromium nitrate (Cr(NOs3)3-9H,0) (Sigma) in distilled water. All working solutions
were prepared by adequate dilution of the stock solution with distilled water.

Sorption experiments

Batch sorption experiments were performed in 250 mL conica flasks by shaking the
required amount of peat (P-H or P-Na) with 50 mL of aqueous solutions of Cr(lI11) of known
concentration, at a constant temperature (20+1 °C). The pH of the solutions was adjusted to a
constant value by the addition of dilute solutions of H,SO, and NaOH or acetate buffer
solution and measured with a pH-meter, Radelkis OP-271 pH/lon analyzer. After a specified
contact time, the peat was separated by filtration and the residua concentration of Cr(I11) in
the solution (previously oxidized with KMnQO,) was analyzed by a spectrophotometric method
with diphenylcarbazide using a UV—Vis digital spectrophotometer, model S 104D/WPA.

The amount of Cr(l11) adsorbed on the peat at equilibrium, g (mg g'1), and the percentage
of Cr(I11) removed, R (%), were calculated using the following equations:

q=(co—c\V/m &)
R=(Co —€)100/cq &)
where ¢, and ¢ are the Cr(l11) concentrations (mg L™1) in initial solution and after equilibrium,
respectively, V is the volume of the solution (L) and mis the mass of Sophagnum moss peat (g).

The effect of operating process parameters on the removal of chromium(l11) by peat was
investigated according to Table l.

TABLE II. Experimental conditions used for the sorption of Cr(I11) onto Sphagnum moss peat

. . Initial Amount of peat Cr(lI1) Concentration Contact time
Operating variable pH g L1 mg L™t h
pH 1.0-55 4 26 and 52 24
Peat dose 4 2.0-12 83.2 24
Cr(I11) concentration 4and5 4 10.4-104 24
Contact time 4 4 41.6 and 83.2 15min4h
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Adsor ption isotherm models

The equilibrium data for Cr(l11) removal using peat as the sorbent were analysed using
different isotherm models available in the literature.2431-33

The Freundlich isotherm, which assumes a heterogeneous adsorption surface, was tested
using the following linear equation:

logg=IlogKg+1/nlogc 3

where Kg and 1/n are constants related to the adsorption capacity and adsorption intensity
(efficiency), respectively.

The Langmuir isotherm adsorption model is based on the assumption that maximum
adsorption corresponds to a monolayer of solute species on the sorbent surface, containing a
finite number of energetically equivalent sites. The Langmuir equation can be used in fol-
lowing linearized form:

1/q=1/goK. c)+1/qq 4

where g is the maximum amount of solute adsorbed (mg g'1) and K| is a constant related to
the binding energy of the solute (L mg1).

In order to appreciate the nature — physical or chemical — of the sorption process, the
isotherms data were analyzed by the Dubinin—Radushkevich (D-R) model, expressed by the
following equation:

ING = INQyex — fe (5)

where gng 1S the maximum amount of solute adsorbed under optimized experimental con-
ditions (mg g1), Bis a constant related to the sorption energy (mol2 kJ?2) and ¢ (the Polanyi
potential) is defined by the mathematical relation:

e=RTIn@@+1/c) (6)

where R is the gas constant (kJ mol1 K1), T is the absolute temperature and c is the equi-
librium concentration in solution (mol L-1).

The mean free energy of sorption, E (kJ mol-1), can be calculated using the following
equation:

E=1/\28 (7)

Values of the mean free energy less than 8 kJ mol-! are characteristic of a physical sorp-
tion mechanism and val ues between 8 and 16 kJ mol-! indicate an ion exchange mechanism.

Kinetic models
The kinetic adsorption data were evaluated using pseudo-first order and pseudo-second

order kinetic models.3234
The pseudo first-order Lagergren model is usually expressed as:

k

log (ge — @) =109 g ——=—t 8

9 (de —0) =109 e 2303 )

where g, and g are the amounts of sorbed Cr(I11) (mg g1) at equilibrium (24 h) and at any

time t (min), respectively, and k; is the Lagergren rate constant of the first-order sorption
(min,

The pseudo-second order model (Ho model) assumes that the sorption follows a second

order mechanism and that the rate limiting step may be chemica sorption involving valence
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forces or covalent forces between the sorbent and the adsorbate. The rate of pseudo-second
order reaction is expressed by the equation:

L 9)
q qek2 qe
where k; is the rate constant of second order sorption (g mgt min'l) and qgkzz h can be
regarded as the initial sorption rate (mg g1 min1) ast approaches zero.

RESULTS AND DISCUSSION
Effect of solution pH value

The solution pH value is one of the most important controlling parameters in
the sorptive removal of heavy metals, influencing not only the dissociation of
functional groups and surface charge of the sorbent, but also the solution
chemistry of the heavy metals.”.35 According to the speciation diagram for
Cr(111) complexes,36:37 in aqueous solutions at medium and low concentrations
(below 10 mmol L—1), about 98 % of the total amount of chromium is present as
Cr3t a pH 2, while this value decreases to 40 and the rest 60 % of chromium is
in the hydroxylated CrOH2* form at pH 4. The effect of the initial pH value
(adjusted with sulphuric acid or sodium hydroxide) on the removal of Cr(I11) ions
on P-H and P-Na Sphagnum moss peat from two solutions of different initial
concentration is shown in Fig. 1.

100
80
s 60
= 40
Fig. 1. Effect of pH on the removal
20 of Cr(Ill) by Sphagnum moss peat:
¢ —P-H(co=26mg LL); m—P-H
0 ' (co=52mgL1); A —P-Na(cy=26
0 1 5 3 4 5 6 MgL1);o-— P-Na (co = 52 mg LD,
pH peat dose=4 gL, time: 24 h.

It is evident that at a pH lower than 2.0, the adsorption of Cr(Ill) was
negligible but increased rapidly with increasing pH value, with a maximum in the
pH range 4.0-5.5. Thisincrease in the percent removal of chromium (from 6.8 to
74 % from solutions of 26 mg Cr L—1) with increasing pH (from 2.0 to 5.5) is due
to lower competition of protons for the binding sites and also to the increase in
the concentration of CrOH2* species, which exchange with H* from the carboxy!
groups more readily than Cr3*. For the sodium form of the peat (P-Na), the
increase in the dissociation of the carboxyl groups generates a more negatively
charged surface and electrostatic interactions with cationic species of Cr(lIl) is
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increased, thus enhancing the sorption. The percentage of chromium removed is
smaller when a higher initial concentration was used.

Effect of adsorbent dose

The effect of the concentration of Sphagnum moss peat (P-H and P-Na) on
the sorption of chromium(l11) from solutions of initial concentration 83.2 mg L—1
and pH 4.0isshownin Fig. 2.

80 -
//.

60 - / .
o I///.///
c\ 40 l//l/_;./
54

20 - /

0 T ‘ ‘ ‘ ‘ ‘ Fig. 2. Effect of Sphagnum moss

‘ peat dose on the sorption of Cr(I11):
0 2 4 6 8 10 12 14 4_pH a—PNapH4 =832
Peat dose, g L mg L1, time: 24 h.

The sorption of chromium(l11) increased with increasing peat dose from 2.0
to 12 g L1 for both P-H and P-Na, probably due to the greater surface area and
to more sorption sites on the sorbent. The chromium removal percent was higher
for the sodium form of the peat.

Effect of chromium(l11) concentration

The effect of the initial Cr(l11) concentration on the sorption of chromium
(11) onto Sohagnum moss peat untreated and treated with NaCl from solutions of
variousinitial pH valuesis presented in Fig. 3.

100 -
e
80 S " 5
u
o\o 60 - * A 9
< 40 4 » 2 .
° Fig. 3. Influence of initia Cr(I1I)
20 concentration on the removal of
chromium by Sphagnum moss
0 pesat: ¢ —P-H (pH 4.0); m — P-Na
(pH 4.0); A — P-Na (pH 5.0,
0 2 50 75 100 125 NaOH): o — P-Na (pH 5.0, aceta:
Cy J"Img L

te); peat dose: 4 g L1, time: 24 h.
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Increasing the initial Cr(111) concentration from 10.4 mg L1 to 104 mg L1
in solutions with an initial pH 4 decreased the percent removal of Cr(lll) by P-H
samples from about 86.5 to 28.5 %. This is explained by increasing ratios bet-
ween the initial number of moles of Cr(l11) and the limited number of available
sorption sites on the peat. Chromium sorption onto P-Na samples dlightly in-
creased, showing that the replacement of protons with Nat enhanced the accessi-
bility of the sorption sites as well as the swelling of the peat.38 Also, increasing
the initial pH of the solution had a favourable effect on chromium(l11) removal;
the best results were obtained from solutions of pH 5 adjusted with CH3COOH-
—CH3COONa buffer.
Equilibrium modelling

Sorption isotherms describe the distribution of adsorbate species between the
liquid phase and the solid phase when the sorption process reaches its equili-
brium state. An analysis of equilibrium data by fitting them to different isotherm
models is important for an estimation of the practical sorption capacity and opti-
mization of the design of sorption systems.

The sorption isotherms of chromium(lI1) on Sphagnum moss peat (in the H-
and Na-form) from solutions of variousinitial pH values are shown in Fig. 4.

20 -
16 - —
A
T 12 1 //:/*
=11}
E 7 /l//.
o~ 87 / /‘///.l//_/k e
4 Fig. 4. Sorption isotherms of Cr(l11)
onto Sphagnum moss peat at va
0 ‘ ‘ : ‘ ‘ rious pH vaues. ¢ — P-H (pH 4.0);
m — P-Na (pH 4.0); A — P-Na (pH
0 20 40 60 80 100 50, NaOH); o — P-Na (pH 5.0, ace-
¢ /mgL tate); peat dose: 4 g L2, time: 24 h.

The experimental equilibrium sorption data were compared with three ad-
sorption isotherm models: the Freundlich, Langmuir and Dubinin—Radushkevich
models, and the best-fit equilibrium model was established based on the linear
regression correlation coefficients, R2.

The numerical values of the Freundlich, Langmuir and D-R isotherm para-
meters, evauated from the dope and the intercept of the corresponding plots (log q
vs. log ¢; 1/q vs. 1/c and log q vs. €2, respectively) are summarized in TablelIl.
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TABLE Ill. Parameters for the sorption of Cr(I11) on Sphagnum moss peat

P-H P-Na P-Na(pH5.0, P-Na(pH 5.0,
(pH 4.0) (pH 4.0) NaOH) acetate buffer)

I sotherm parameter

Freundlich 1n 0299 0.315 0.396 0.454

Ke/ (mggh)(L mgh)’™ 2367 2762 3372 4.158

R 0927 0911 0.938 0.909

Langmuir Q/mgg* 7.547  9.609 13.89 18.62

K /L mg* 0300 0.279 0.286 0.278

R 0.998 0.991 0.999 0.998

Dubinin-Rar Omex/ Mg g 1367 17.80 34.74 56.60
dushkevich 2., 12

B/ mol? kJ 0.0030 0.0032 0.0038 0.0042

E/kJmol™ 1291 1250 11.47 10.91

R 0.955  0.949 0.964 0.943

The correlation coefficients higher than 0.9 show that the sorption of Cr(l11)
ions followed the Freundlich isotherm; the fractional values of 1/n (0 < 1/n < 1)
suggest heterogeneity of the sorbent surface (the closer the 1/n value is to zero,
the more heterogeneous is the surface3l) and, simultaneously, indicates a bene-
ficial adsorption of Cr(I11) on the peat.

However, the R2 values from Table 111 show that the isotherms data of chro-
mium(I11) ions sorption can be better described by the Langmuir model, indica-
ting the formation of a monolayer coverage of the adsorbate at the outer surface
of the peat. The obtained maximum sorption capacity was dlightly higher on the
Na-form of the peat than that on the untreated peat and increased with increasing
solution pH. The highest capacity was obtained in acetate buffer solutions of pH
5.0. The high sorption equilibrium constant K| suggests a strong interaction be-
tween chromium(l11) cations and the binding sites of the peat.

The D-R isotherm parameter gmax (Mg g-1) indicates the porous structure of
the peat sorbent (the maximum amounts of Cr(I11) ions that could be sorbed un-
der optimized conditions were much higher than the experimenta values). The
values of the mean free sorption energy were between 10.9 and 12.9 kJ mol—1,
which correspond to an ion exchange mechanism for the sorption of chromi-
um(l1l) ions on the peat. A slight decrease of the energy sorption values with
increasing pH was observed, probably due to an increase of the physical sorption
of neutral chromium species.

Kinetic studies

Information on the sorption rate is required for the selection of the optimum
conditions for operation in a full-scale batch process.

The results of Cr(l1l) sorption at pH 4.0 on the Sphagnum moss peat in the
Naform as a function of contact time between the sorbent and aqueous solutions
of adsorbate are presented in Fig. 5.
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27 Fig. 5. Effect of contact time on the

0 $ sorption of Cr(lll) onto Sphagnum

' ‘ ‘ ‘ ‘ ' mosspeat: ¢ —Cp=41.6mgLL; m—
0 50 100 150 200 250 300 —c,=83.2mgL"L; pH 4.0, peat dose
Time, min (P-Na): 4g L.

As can be seen in Fig. 5, the sorption of Cr(l1l) ions was extremely rapid
during the first 20 min and, thereafter, it decreased significantly near the equi-
librium, which can be considered to have been obtained after 4 h (the values of
the amount sorbed after 24 h were found to be 2.8 and 3.28 % higher,
respectively, than those after 4 h contact). The fast sorption kineticsis typical for
sorption of metal due to purely physico-chemical interactions between adsorbent
and adsorbate.

The experimental data were interpreted by means of pseudo-first and pseu-
do-second order kinetic models. The constants of these kinetic models cal cul ated
from the linear plots (log (ge — Q) vs. t and t/q vs. t) and the corresponding cor-
relation coefficients are presented in Table IV.

TABLE IV. Kinetic constants for Cr(l11) sorption onto Sphagnum moss peat

Kinetic parameter Co=416mgCrL" ¢=832mgcCrL*
Pseudo-first order model! o/ mggt 9.343 9.813
ky / min™ 1.396 1.282
R 0.8868 0.8947
Pseudo-second order model 0/ mgg’ 6.887 8.525
h/mgg* mint 1.148 1.404
ko / g mg™* min™ 0.0242 0.0193
R 0.9976 0.9988

The R2 values below 0.90 suggest that the Lagergren model is not a good
model for the kinetic data; in addition, the estimated values of ge do not agree
very well with the experimental values.

The experimental data complied very well with the pseudo-second order ki-
netic model, with correlation coefficients higher than 0.99. It was observed that
the initial metal ion concentration influenced the kinetic parameters. The values
of the initial sorption rate, h, increased with increasing initial Cr(I11) concentra-
tion, probably due to the greater concentration gradient between the sorbent and
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solution. However, the values of rate constant, ko, decreased with increasing
initial concentration. In addition, the good correspondence between the calcul-
ated and experimental values of the sorption capacity showed that the kinetic data
are in agreement with the pseudo-second order rate equation.

Desorption studies

In order to check the reusability of the both the peat and Cr(lll), severa
loading and elution experiments were performed. The desorption of Cr(l11) ions
from loaded peat was tested under batch conditions using different concentrations
of aqueous solutions of mineral acids (as proton exchanging agents). The results
indicate that the chromium(l1l) ions can be readily eluted with 0.10 M solutions
of HCl or H>SO4 (about 96 % chromium recovery for a mass peat: acid volume
ratio of 1:10). Thisfact isin agreement with the pH dependence of the chromium
removal onto the peat and confirms the prevalence of the ion exchange mecha
nism of the sorption. The peat (rinsed with distilled water before reloading) was
reused in fives sorption/desorption cycles without a significant loss in sorption

capacity.
CONCLUSIONS

The removal of chromium(l11) ions from agqueous solutions by sorption onto
Romanian Sphagnhum moss peat was studied as a function of solution pH value,
metal ion concentration, peat dose and contact time. The results showed that the
highest percentages of Cr(lll) removal were attained using peat in the sodium
form (4 g L-1) from solutions of pH 5.0 (acetate buffer) with Cr(l11) concentra-
tions below 50 mg L-1. The equilibrium data were analyzed against the Freun-
dlich, Langmuir and Dubinin—Radushkevich models. The experimental data were
best correlated by the Langmuir isotherm; under optimized conditions, the mo-
nolayer adsorption capacity was of 18.6 mg Cr(l11) g1 of peat. |on exchange was
the major mechanism for the adsorption of Cr(l11) on the peat particles with the
sorption kinetics following a pseudo-second order rate equation. The Cr (I11)-
-loaded peat could be regenerated by treatment with 0.10 M HCI and the sorbent
may be reused in several sorption—desorption cycles. The results of this study
showed that Romanian Sphagnum moss peat, a natural, cheap and available
material, could be employed as a sorbent for the removal of chromium(l11) from
agueous waste solutions.
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U3BOA

UCIIMTUBABE VKIIABABA XPOMA(III) U3 BOOEHUX PACTBOPA
COPIILIMJOM HA TPECETHOJ MAXOBHHU Sphagnum

CATALIN BALAN, DOINA BILBA u MATEI MACOVEANU

Department of Environmental Engineering and Management, Faculty of Chemical Engineering and
Environmental Protection, Technical University of lasi, D. Mangeron Blvd. 71A, 700050, lasi, Romania

H3BezeHa je rpyna COpIIMOHMX CKCIIEpUMeHara 3a ykiamarme joHa xpoma (I11) u3 Bomenux
pactBopa momohy TpecetHe MaxoBuHe Sphagnum ca moapydja PymyHuje (Herperupane u Tpe-
tupane pactBopoM NaCl) kao copOeHTOM. Y 1usby ycIocTaB/bamba HajIOTOJHIJUX YCIOBA 32 COPII-
ujy xpoma(lll), ucniuruBanu cy yruuaju pH, BpeMeHa KOHTaKTa, KOJIMYMHE MaXOBHHE U KOHIICH-
Tpauuje jona. Ilpumemenu cy mozxenu ®@pojuammxa (Freundlich), Jlearmupa (Langmuir) u JTy6u-
nua—Paxymesnua (Dubinin—Radushkevich) 3a omuc copruuoHMX H30TEPMH M 3a H3padyHaBarbe
oaroBapajyhnx KoHcraHTH. ExcriepuMeHTaIHU pe3yiraTd oarosapajy JISHrMHpOBOM Mozeny ca
MaKCHMaJHHM copriuoHuM Kanaiuretom on 18,6 mg Cr(l11) mo rpamy maxosure. BpemHoct
cpenme eHepruje copruuje ykasyje na to ga ce Cr(l11) Besyje 3a MaxoBuHY 110 MEXaHU3MY H3MEHE
jona. KuHeTnyku mnopany, H0OHjeHH Ha OCHOBY IICEYJIO-IPBOT M IICEYJO-APYror KMHETHYKOT
MojieNna, MoKasyjy Jia MpoLec COpIIIKje XpOMa Ha MaxOBHUHHU CIICH 3aKOH Op3MHE ICeyH0-Ipyror
pena. Copbosanu xpom(lI1) 1ako mosxe GHTH OABOjeH 0 MaxoBUHE ncmupanmeM pacteopom 0,10
M HCI, mok ce ucTa MaxOBHHA MOKE KOPHCTHTH y HEKOJHMKO IMKIyca COpIija/Iecoprimje.
EKcriepuMeHTaIHY Pe3yJITaTH yKa3yjy Ha TO Jia TpeceTHa MaxoBHHa Jphagnum uMa moTeHIH]jal 3a
npuMeny yknamama Cr(l11) u3 ornagnux Boza.

(Mpumsbero 16. HoBemOpa, pesuaupano 13. anpuna 2009)
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