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Abstract The polysaccharidic moieties of three
biosorbents (Douglas fir and argan tree barks and
argan endocarp) were selectively oxidized, and the
subsequent modified materials were tested for their
ability to bind Pb(Il) or Cd(II) from aqueous sol-
utions. Chemical modifications consisted in two
selective oxidations, alone or in combination, of
the following groups: primary alcohols with
NaOBr catalyzed by (2,2,6,6-tetramethylpiperidin-
1-yl)oxidanyl, and vicinal diols with periodate/
chlorite. The sodium chlorite oxidation step in-
duced biosorbent degradation that led to a signif-
icant decrease of mass yield. Modified materials,
characterized by FT-IR spectroscopy and measure-
ment of surface acidity, were investigated for their
adsorption capabilities of Cd(II) and Pb(II). Results
were compared to the capabilities of crude materi-
als using the Langmuir adsorption model in terms
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of affinity () and maximum binding capacity
(¢max)- Ion exchange properties were found better
for lead than for cadmium before and after chem-
ical modifications. Compared to crude barks, the
best results were obtained for Douglas fir barks
whose oxidation resulted in significant enhance-
ments of gua.x Up tox10 in the case of lead.
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1 Introduction

The use of natural material, in particular waste
products from agriculture or industry, has been
largely investigated (Bailey et al. 1999; Volesky
and Holan 1995; Wang and Chen 2009). Not only
is biosorption a cost-effective tool for waste water
treatment, but it could also be the starting point of
new ways of utilization and/or valorization of for-
est or agricultural by-products (Bailey et al. 1999).
The ability of organic matter to bind heavy metal
ions from polluted waters and the impact of vari-
ous operating factors on binding parameters are
well documented (Harman et al. 2007). A number
of studies have shown that tree barks present in-
teresting heavy metal removal properties (Al-
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Asheh and Duvnjak 1997; Mulgund et al. 2011).
One of our previous work (Martin-Dupont et al.
2002) has demonstrated heavy metal binding capa-
bilities of Douglas fir barks and the possibility to
enhance their lead (II) binding capacities. Metal
sequestration during biosorption follows complex
mechanisms that mainly involve ionic interactions.
Recently, we demonstrated that the lead binding
capacities of crude barks could be successfully
increased through the covalent grafting of ami-
nated oligogalacturonans (Astier et al. 2010) or
oligocarrageenans (Astier et al. 2012).

Carboxylic acid functions, essentially found in pec-
tin (Khotimchenko et al. 2007; Kartel et al. 1999) are
considered responsible for heavy metal binding
through the phenomenon of ion exchange. Adsorption
improvements have been obtained by increasing the
number of accessible carboxylate groups. To reach this
goal, two different strategies have been used: (1) treat-
ment of the adsorbent with organic solvents such as
acetone or chloroform (Argun et al. 2009) in order to
unmask accessible binding sites or (2) increase of the
number of carboxylic acid functions (Marchetti et al.
2000) by esterification with citric acid. This article
deals with the direct oxidation of polysaccharidic moi-
eties of biosorbents, which increases their adsorption
capacities by generating new carboxylate functions.
Besides these improvements, our goals included add-
ing value to waste materials and using direct modifi-
cations that limit or avoid the systematic use of toxic
reagents and/or organic solvents. We undertook our
study with the aim to compare the chemical oxidation
impact on heavy metal biosorption capabilities of two
kinds of by-products: sawmill by-products, e.g.,
Douglas fir and argan barks; and oil extraction by-
product, e.g., argan endocarp.

2 Experimental
2.1 Materials

Douglas fir (Pseudotsuga menziesii) barks were obtained
from a local sawmill in Limousin region (France); argan
(Argania spinosa L. Skeels) endocarps and barks origi-
nated from trees growing in the Tindouf area (South West
Algeria). Crude materials were dried in a ventilated oven
(40 °C), ground (particle size of <200 pm), and stored in
desiccators at room temperature.
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2.2 Chemicals

All solvents and reagents were purchased from Aldrich,
Acros, or VWR. Milli-Q deionized water (Millipore
system) was used throughout all experiments.

2.3 Materials Functionalization

General scheme of Douglas fir barks, endocarp argan,
and argan tree barks functionalization is shown in
Fig. 1. In each case, the mass yields expressed as
percent values were obtained by comparing the mass
of the functionalized materials to the initial mass of
crude materials.

2.3.1 Periodic Oxidation

The first chemical step consisted in aldehyde group
generation. To this aim, the cellulosic and hemicellu-
losic moieties of Douglas fir bark, endocarp argan, and
argan tree bark were oxidized by periodic acid. Crude
materials (6 g) were suspended in 250 mL of a
0.157 M NalO,4 aqueous solution. In order to avoid
radical-induced depolymerization, the reaction was
conducted in the dark in the presence of propanol-1
as radical scavenger with a 9:1 (v/v) NalO4/propanol-
I ratio. The reaction mixture was stirred at room tem-
perature for 7 days, and then the reaction was stopped
by destruction of the excess periodate with ethylene
glycol. The oxidized products (named dialdehyde
materials) were rinsed with milli-Q water and air-
dried at 40 °C. A measure of aldehyde content was
performed using a method adapted from Pommerening
et al. (1992), which makes use of an internal Cannizzaro
rearrangement reaction. An excess of 0.1 M sodium
hydroxide (25 mL) was added to 25 mg of oxidized
materials; after stirring and heating at 70 °C for 15 min,
suspensions were cooled, and excess of sodium hydrox-
ide was titrated with 0.1 M hydrochloric acid; 3.24,
3.84, and 4.45 g of dialdehyde Douglas fir barks, dia-
ldehyde argan tree barks, and dialdehyde argan endo-
carp were obtained, respectively.

2.3.2 Oxidation by NaClO,

Dialdehyde materials (1 g each) were suspended
into 400 mL of a 0.2 M aqueous solution of
sodium chlorite acidified at pH 3 with acetic acid.
Suspensions were shaken at room temperature
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Fig. 1 General scheme of biosorbent chemical modifications.
Route /, selective oxidation of the primary alcohol by NaOBr
catalyzed by TEMPO-—monocarboxyl biosorbent (type 1);

during 1 h. Sodium chlorite was used in excess
with respect to aldehyde functions (mole ratio
NaClO,/CHO=3.5). Oxidized materials (type 2,
dicarboxyl) were then filtered, washed with ultra-
pure water until neutrality, and finally dried in an
oven (40 °C); 0.35, 0.41, and 0.57 g of type 2
Douglas fir barks, type 2 argan tree barks, and
type 2 argan endocarp were obtained, respectively.

2.3.3 Oxidation by NaOBr/TEMPO

Crude or dicarboxylic materials (1 g each) were sus-
pended in 100 mL of an aqueous solution containing
12 mg of (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl
(TEMPO) (0.08 mmol), 125 mg of sodium bromide
(1.21 mmol), and 1.88 mL of sodium hypochlorite
(2.42 mmol). pH was adjusted and maintained at 10
by dropwise addition of sodium hydroxide (0.1 M)
until stabilization, and then the solution was neutral-
ized by addition of hydrochloric acid (0.1 M). The
final mixture was kept at room temperature with mag-
netic stirring during 85 h. Oxidized materials (type 1,
monocarboxyl; and type 3, tricarboxyl) were finally
rinsed with 300 mL of ultrapure water and dried in an
oven (40 °C); 0.82, 0.87, and 0.92 g of type 1 Douglas
fir barks, type 1 argan tree barks, and type 1 argan
endocarp were obtained, respectively; 0.07, 0.14, and
0.28 g of type 3 Douglas fir barks, type 3 argan tree
barks, and type 3 argan endocarp were obtained,
respectively.

di-carboxyl biosorbent (type 2)

tri-carboxyl biosorbent (type 3)

route 2, periodic oxidation of cellulosic moiety and subsequent
oxidation of aldehydic and primary alcohol functions: di- (type
2) and tri- (type 3) carboxyl biosorbents

2.4 Characterization
2.4.1 Determination of Acid Content

Acidity was determined using the Boehm method
(Boehm 1966). Crude (50 mg) or modified materials
were suspended in 10 mL of 0.1 M NaHCO; and
stirred during 72 h under nitrogen. Suspensions were
filtered on sintered glass (porosity 3); excess alkali
was back titrated by 0.1 M HCIl, and acidity resulting
from the presence of carboxylic acid functions was
directly calculated.

2.4.2 FT-IR Spectroscopy

Crude and modified materials were characterized by
infrared (IR) spectroscopy with a Perkin Elmer Spectrum
1000 FT-IR spectrometer in the 600—4,000 cm ' range.

2.5 Biosorption Experiments
2.5.1 Heavy Metal Biosorption

Biosorption experiments were carried out in batch con-
ditions by adding 10 mg of adsorbent to 10 mL of a
single metal aqueous solution (Pb(NO3), or Cd(NOs),)
at concentrations ranging from 0 to 2,000 ppm (19.31 or
35.59 meq L', respectively). The initial pH of each
metal solution was brought to 5 by dropwise addition
of 0.1 N HNOs. Suspensions were shaken at room
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Table 1 Mass yield and acidity of argan tree barks, endocarp of
argan, and Douglas fir barks before and after oxidation leading
to mono- (type 1), di- (type 2), and tri- (type 3) carboxyl
biosorbents

Biosorbent Type Mass yield (%) ncoon (mmol g™')
Argan tree barks  Crude 100 0.543
1 87 0.605
2 41 0.743
3 14 0.998
Endocarp of argan Crude 100 0.453
1 92 0.523
2 57 0.360
3 28 1.032
Douglas fir barks  Crude 100 1.248
1 82 1.954
2 35 1.621
3 7 1.841
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temperature during 2 h to ensure equilibrium. Adsorbent
was finally separated from the solution by vacuum
filtration through a sintered glass filter (porosity 3).
The maximum adsorption capacity ¢.« and the Lang-
muir constant b were then graphically obtained from the
Langmuir adsorption isotherms methodology as previ-
ously described (Martin-Dupont et al. 2002).

2.5.2 Metal Ion Determinations

Concentrations of residual heavy metal in filtrate were
determined by flame atomic absorption spectrometry
at 283.6 nm in the concentration range 0—10 ppm (0—
96.5 peq L") and at 228.8 nm in the concentration
range 0-3 ppm (0-53.4 peq L") with a Perkin Elmer
Analyst 400 spectrophotometer for lead and cadmium,
respectively. Amounts of adsorbent-bound lead or
cadmium were calculated from the difference between

the initial and final concentrations of heavy metal ion
in solution.
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Fig. 2 FT-IR spectra of argan tree bark (a), endocarp of argan (b), and Douglas fir bark (c)

@ Springer



Water Air Soil Pollut (2012) 223:3877-3885

3881

3 Results and Discussion
3.1 Chemical Modification of Biosorbents

Functionalization of native biosorbents involved either
direct formation of carboxylic acid or overoxidation of
dialdehyde functions in the polysaccharidic moieties.
TEMPO-catalyzed NaOBr oxidation of primary alcohols
(Fig. 1, route 1) limits the chemical degradation of barks
and leads to the best mass yields, above 80 % (Table 1).
Periodate methodology (Fig. 1, route 2) is able to produce
high aldehyde functional group content while preventing
extensive degradation of bark. Typical aldehyde concen-
trations could be estimated through the Cannizzaro

reaction (Pommerening et al. 1992; Klein-Koerkamp et
al. 2009). In the present case and after periodic oxidation
step, aldehyde contents were evaluated to 8.00 mmol g_1
for Douglas fir and argan tree barks, and 7.5 mmol g for
argan endocarp. These results are similar to previous data
(Astier et al. 2010), and this similarity suggests that the
experimental conditions used in this study are well adapted
to these materials. Extensive oxidation results into losses in
adsorbent mass, regardless of the starting material.

3.2 Measurement of Carboxylate Content

The historic Boehm method (Boehm 1966) which
consists in using four bases of increasing strength
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was adapted to either crude or modified materials.
Assay by sodium hydrogenocarbonate offers direct
access to the amount of carboxylic acid functions
(Table 1). Acid contents of the different materials, crude
or functionalized, were estimated. In each case, Douglas
fir barks appeared more acidic than argan barks or
endocarp. Then, it could be supposed that the origin of
the material has an effect on the final acidity of the
materials even after chemical modification.

Oxidation strategies are aimed at increasing the
acidity of materials and, thus, at improving their abil-
ities to bind trace heavy metals by the means of ion
exchange mechanisms. Taking apart dicarboxylic
argan endocarp (type 2 biosorbent, Table 1) whose
acidity is lower than the crude material, acidity
increases are actually observed, although to different
degrees. These chemical modification strategies are
intended to selectively oxidize alcohol and/or alde-
hyde functions of glucidic moieties, but at the same
time, they modify other organic groups—the latter
being easily quantified by mass losses induced by each
treatment. For instance, phenolic compounds, such as
lignin, are known to be susceptible to NaClO,-induced
oxidative degradation (Yu et al. 2011). Thus, the ob-
served variability of acidity increases should be inter-
preted as the consequence of two antagonistic
reactions: oxidation of alcohols/aldehydes and degra-
dation of phenols.

FT-IR spectra of both crude and oxidized biosorbents
are presented in (Fig. 2). Aldehyde functionalization is
clearly identified through absorption changes at

1,735 cm ! (C=0 stretching of aldehydes). The charac-
teristic COOH absorption bands at 1,750 cm™' did not
clearly show up because of the overlap with the alde-
hyde band and with the aromatic bands at 1,650—
1,500 cm™ . The bands at 1,650 and 1,270 cm ! corre-
spond to C=0 and C—O stretching of carboxylates,
respectively.

3.3 Lead and Cadmium Biosorption

All biosorption experiments were carried out at pH 5.
In the case of lead and cadmium, a value of pH 5 is the
best compromise between lower pH values that create
too much competition with protons and higher pH
values that lead to the precipitation of heavy metals
as hydroxides. The Langmuir adsorption model was
also used to characterize the qualitative and quantita-
tive aspects of the interactions between heavy metal
ions and biosorbents. The following equations repre-
sent the mathematical Langmuir isotherm (a) and its
linearization (b):

- LImabeeq
=71 bCeq (a)
1 1 1 1
i_r, 1 b
q  Gmax  Dmax Ceq ( )

where ¢ (meq g ') the heavy metal uptake, ¢max (meq
g ") the maximum heavy metal uptake, Ceq (meq L

Table 2 Thermodynamic

parameters of Pb(II) and Cd(II) Biosorbent Type  Lead Cadmium
biosorption of Douglas fir and - - - -
argan tree bark and argan endo- Gmax (meq g )  b(Lmeq ) Gmax(meqg ) b(Lmeq )
carp for mono- (type 1), di- (type
2), and tri- (type 3) carboxyl Argan tree barks Crude 0.162 1.58 0.116 2.19
biosorbents 1 0.256 1.0S 0.143 118
2 0.458 0.79 0.206 1.08
3 0.865 0.32 0.211 1.83
Endocarp of argan ~ Crude 0.087 0.27 0.147 0.35
1 0.119 0.20 0.088 0.26
2 0.260 1.41 0.159 1.85
3 0.906 0.25 0.259 2.06
Douglas fir barks Crude 0.238 4.79 0.220 1.65
1 1.929 1.05 1.198 1.26
2 1.069 0.73 0.896 0.54
3 2.057 0.69 1.109 1.12
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the residual concentration of heavy metal, and b (L
meq ') the Langmuir constant.

Figure 3 describes the adsorption isotherms of lead
and cadmium by crude, mono- (type 1), di- (type 2),
and tri- (type 3) carboxylic biosorbents. On raw mate-
rials, the best adsorption capacities are obtained by
Douglas fir bark with 0.238 and 0.220 meq g ' for
lead and cadmium, respectively (Table 2). Moreover,
lead adsorbs better than cadmium on crude materi-
als except in the case of argan endocarp. We show
that the adsorption capacities of crude materials are
lower than those of carboxylic acid-functionalized
biosorbents. This observation could be explained by
steric hindrance affecting many sites of crude

materials. Figure 4 describes the Langmuir lineari-
zation of adsorption isotherms. Correlation coeffi-
cients, close to 1, testify the validity of this model.
Compared with crude biosorbents, retention capac-
ities are increased in most of the cases, affinity
values remaining similar (Table 2). Chlorite-
modulated oxidative degradation and elimination
of lignin, another adsorbing component, leads to
modified biosorbents harboring an exclusive or
principal kind of ion exchange group, carboxylic
functions. Thus, Langmuir's prerequisite, i.e., ad-
sorption by a single kind of binding site, is rein-
forced. Usually, mathematical direct correlation
between the number of carboxylic acid functions

Fig. 4 Langmuir lineariza- (a) (d)
tion of lead adsorption on 12 4 30
argan tree barks (a), endo- 10 4 35
carp argan (b), and Douglas = fRe= 0901 = 2
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and ¢n.x can be observed. Then, the more oxi-
dized the material, the highest the adsorption ca-
pacities. Sodium hypobromite/TEMPO oxidation
(type 1 biosorbents) of Douglas fir barks leads to
a material which presents binding capacities com-
parable to those of the tricarboxylic barks (type 3
biosorbents). Mass yields presented in Table 1
have to incite us to look for the best experimental
compromise which leads to a maximal oxidation
capable of preserving the chemical integrity of
barks and, thus, their natural properties.

In the case of lead, the three kinds of modifi-
cation of the three biosorbents lead to a signifi-
cant increase of their adsorbing capacities. This is
also true for cadmium in the case of modified
Douglas fir barks. Increases in capabilities were
less important for argan tree barks and endocarp.
Lastly, and from a qualitative point of view, it is
of interest to observe that the 5 values or the
Langmuir constant are similar whatever the nature
of the biological material used as well as its
degree of oxidation. The increase of lead and
cadmium adsorption capacities by crude or modi-
fied barks and endocarp is only explained by an
increase in carboxylic functions, which means that
a same kind of ion exchange groups presents the
same affinity for lead and cadmium. Then, the
resulting b values remain unchanged or at least
are similar.

The results of adsorption are most marked in the
case of Pb which is a medium strength acid according
to the hard and soft acids and bases (HSAB) theory:
that is to say that it is adsorbed by both kinds of
binding sites, i.e., carboxylates (hard bases) and the
remaining phenolic functions (classified as soft bases).
In the case of cadmium which is a hard acid according
to the HSAB theory, the mechanism is less dependent
of ion exchange (Alloway 1995), and effects on
adsorption would be less marked, although acidity
increases during treatment. In addition to the
HSAB theory, another hypothesis could be based
on the ionic form of the adsorbed ion. The speci-
ation diagrams of cadmium and lead in solution, in
the presence of nitrate (Lantenois et al. 2007),
show that PbNO;" and CdNO;" represent 38 and
10 % of Pb(Il) and Cd(Il), respectively, against 62
and 90 % for Pb®>" and Cd*", respectively. It is
also likely that adsorption of lead requires only
one carboxylic acid function.
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4 Conclusion

Comparatively to argan tree materials, Douglas fir
barks have the best adsorption capacities, even after
chemical changes. The origin of the material has then
an influence on the final capacities of retention of the
materials after chemical modification. We do not ob-
serve homogenization of capacities of retention.

The increase of the density of anionic load of native
materials and, more particularly, the number of car-
boxylic acid functions, leads to a perceptible improve-
ment of biosorbent capacities of the Douglas fir and
argan tree barks and endocarp of argan. This work
demonstrated that it is possible to generate such func-
tions directly on the structure by oxidation of the
constituent polysaccharides of the materials and, more
particularly, cellulose. If the affinity for heavy metals
ions remains stable, the maximal capacities of reten-
tion are increased up to a factor 10.
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