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The past and recent uncontrolled use of organochlorine pesticides imposes serious problems due to
their adverse undesired effects in ecosystems. Finding new ways to dispose of these molecules is there-
fore mandatory. The covalent modification of activated charcoal powder (ACP) by substituted aryl groups
can be achieved by reaction with aryl radicals obtained through the sonically induced dediazonation of
diazonium salts. Seventeen organochlorine pesticides were adsorbed on ACP covalently grafted with
phenyl and carboxyphenyl layers. The sorption percentages of the pesticides onto the carboxyphenyl
modified ACPs [measured by GC-ECD (Gas Chromatography — Electron Capture Detector)] were in the
range of 90-100% (DDT, 6-HCH, y-HCH and endrin aldehyde), 80-90% (methoxychlor, endosulfan I,
p,p-DDD and B-HCH) and 60-80% (a-HCH, DDE, endosulfansulfate, endrin, endosulfan I, aldrin, hepta-
chlorepoxid, dieldrin and heptachlor). A tentative explanation is given for these differences based on
steric effects.
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KOBAJIEHTHO BP3YBAILE HA ®EHUJIHU 1 KAPBOKCU®EHWUJIHU CJIOEBH U3BEJIEHU
Ol IMA30HNJYM COJIN HA AKTUBEH JATJIEH 3A ATCOPIIMIIJA HA IECTHHU AN

[NopaHemHaTa ¥ HeoJaMHENIHaTa HEKOHTPOJMpaHa YHOTpeba Ha OPraHOXJOPHH HECTHULMAM
NpeAn3BUKa CEPUO3HU MpoOJIeMH NOpajad HHUBHHTE HecakaHu edektu Bp3 ekocuctemure. Ox THe
NPUYMHKA 33JI0JDKUTENTHO MoOpa Jila ce K3HajAaT HAauYMHU 3a HUBHO YHHIITYBame. KoBajeHTHaTa
Moaudukanrja Ha npaB ox aktueeH jarneH (ACP) co CyncTHUTYyWpaHU apWiHH TPYIMH MOXe Aa ce
MOCTHIHE CO peaklidja Ha paauKaid Ha apuil JOOHMEeHH CO COHMUYHO HHIyLUpaHa Jefda3oHanuja Ha
IHa30HUyM-coytd. bere u3BpIIeHO aTcopOUpare Ha CeayMHAECEeT OpraHOXJIOpHHM mecturmad Ha ACP
KOBAJICHTHO HAaKaleMeH CO (EHHIHH M KapOOKCHiIHM cioeBd. CophuujaTa Ha NECTHUHINTE BpP3
kapOokcudenmao moauduipanute ACP [ompenenan co GC-ECD (racHa xpomatorpaduja — IeTEKTOp
co esekTpoHcku 3adar)] Geme Bo omceror ox 90-100% (DDT, 6-HCH, y-HCH u enapun angexun), 80—
90% (metokcuxiop, enpocyndas I, p,p-DDD u B-HCH) u 60-80% (a-HCH, DDE, ennocyndancynoar,
eHApHH, eHaocynbaHn |, amapuH, XENTaxJIOPEHNOKCHA, AWCIIPHH W XENTaxJop). XHUIOTETHIKOTO
objacHyBam€ 3a OBHE Pa3JINKU ce Oa3upa Ha CTEPHH e(eKTH.

KiyuyHu 300poBH: OpraHOXJIOPHH MECTHININ; aTCOPIIIIHNja; KOBaJCHTHA MOAN(UKAIIH]ja,;
JMa30HUYM-COJIH; KaJIeMEme

1. INTRODUUCTION systems [1-3] by inducing severe potential toxic

effects [4-6]. Although these substances are used

The introduction of pesticides into the envi- and controlled under strict law regulations in de-
ronment by agricultural applications, spills or acci- veloped countries, in many other countries, their

dents significantly influences the wellbeing of eco- use is not well regulated. As a consequence, the
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presence of pesticide residues can be found in con-
sumer products, such as dairy products, fruits,
olive oil and vegetables [7]. In addition, even if
organochlorine pesticides, which are among the
most harmful, are no longer in use, they are still
present in important concentrations [1] due to their
environmental stability [8]. In epidemiological
studies [6], a number of chlorinated pesticides have
been associated with elevated incidences of cancer,
reproductive disorders, Alzheimer’s disease, pe-
ripheral arterial diseases and so on. Thus, the deg-
radation of these molecules or their removal from
the ecosystem [9] is of great importance for the
environment. The degradation of pesticides can be
achieved: i) biologically by the use of microorgan-
isms [10], ii) by Fenton-type advanced oxidation
processes [9], and iii) by phytoremediation [11],
when the volume of polluted soil/water is impor-
tant. However, these processes suffer from high
costs and difficult technological implementation.
In addition to degradation processes, pesticides can
be removed from polluted waters by membrane
processes or through adsorption, which are techno-
logically simple and cost effective [4, 12].

The dediazonation of diazonium salts [13—
19] is a very efficient method for attaching thin
organic films to a variety of substrates (conductors,
semiconductors and polymers). This reaction can
take place by electrochemistry [13, 17, 18], photo-
chemistry [20] or under ultrasonication [21, 22]. It
involves the formation of an aryl radical that reacts
with the surface and with the first grafted group,
providing a polyphenylene organic film covalently
bonded to the surface. As a result of the conjuga-
tion, this oligomer is planar, but the different oli-
gomeric chains are likely disordered as no order
has ever been evidenced [14-16]. A disordered
lamellar structure of substituted aryl groups is
formed (Fig. 1) that should be able to trap mole-
cules. Such polyphenylene with cyclams or calix-
arene structures have already been used for trap-
ping ions (Cu?" and Pb?*) [23-25].

Fig. 1. Schematic presentation of polyphenylene-COOH
organic film covalently bonded on the surface of the ACP

Activated charcoal powder (ACP) is a
highly porous carbon with micro- and mesopores
[24, 26] (typically less than 2 nm for micropores,
2-50 nm for mesopores and >50 nm macropores)
with large specific surface (that can be larger than
500 m® g ). Activated carbon cloth or pearls have
already been modified by diazonium salt chemistry
for adsorption, combinatorial chemistry and super-
capacitors [27, 28]. The structures of these pol-
yaryl modified activated charcoal are therefore
extremely complex, but their properties, such as
hydrophobicity/hydrophilicity, n-n stacking or hy-
drogen bonding capacity, can be tuned by changing
the substituents of the aryl group.

In this study, we first check the spontaneous
grafting of ACP by diazonium salts and then use
this ACP modified with phenyl (ACP-CgHs) and
carboxyphenyl (ACP-C¢H,COOH) groups for the
adsorption of 17 pesticides from an aqueous or
hexane solution.

2. MATERIALS AND METHODS

2.1. Chemicals

The pesticide standard, EPA Appendix IX
Organochlorine Pesticides Mix (2000 pg/ml each
component in hexane : toluene (1:1)), was pur-
chased from Sigma-Aldrich. A stock solution of
the pesticide mix was prepared by diluting the
proper volume of the standard solution with double
distilled chromatographic grade hexane (CHRO-
MASOLV®) to give a solution of concentration.
ACP (untreated powder, 100-400 mesh), 4-ami-
nobenzoic acid (ReagentPlus®, >99%), tetrabu-
tylammoniumtetrafluoroborate (for electrochemi-
cal analysis, >99.0%), aniline (ACS reagent,
>99.5%), acetonitrile (CHROMASOLV® Plus, for
HPLC, >99.9%), 4-bromobenzenediazonium and
sodium nitrite (99.999% trace metals basis) were
purchased from Sigma-Aldrich and 4-nitro and 4-
bromoaniline, hydrochloric acid (30-35%, Trace-
SELECT® Ultra) were from Fluka.

2.2. Apparatus

The electrochemical study was carried out in
deaerated ACN + 0.1 Bus;NBF, using a computer-
controlled PalmSens potentiostat and employing a
three electrode cell assembly. A silver/AgCl wire
and platinum electrode were used as the reference
and auxiliary electrodes, respectively.

IR spectra were taken on a Jasco FT/IR-
6100 with samples prepared as KBr pellets. For
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each spectrum, 500 scans were accumulated with a
spectral resolution of 4 cm™.

The elemental analysis was obtained from
Institut de Sciences Analytiques (CNRS), Villeur-
bane, France.

A gas chromatograph (Agilent Technologies
6890N, Network GC system) equipped with an
electron capture detector (ECD), with a capillary
column HP-5 (30.0 m x 250.00 um x 0.25 pm), an
injector at 290 °C and a detector at 320 °C. The
operating conditions were a nitrogen carrier gas at
1.0 ml/min. The temperature program was as fol-
lows: initial oven temperature 100 °C hold for 1
min then a 20 °C min* ramp to 150 °C, followed by
6 °C min " ramp to 300 °C. The splitless injection
mode was used with an injection volume of 2.0 pl.
The concentration of the pesticides after adsorption
was evaluated by the use of the corresponding cali-
bration curves (see Supporting Information) for
each of the pesticides in the standard.

2.3. Procedure for surface modification of ACP

A 2 g sample of ACP was dispersed into 100
ml of a 5 mM solution of aniline, 4-aminobenzoic
acid or 4-bromo or nitroaniline dissolved in 0.5 M

A. NH, Nz"CI

hydrochloric acid. Afterwards, a concentrated solu-
tion of sodium nitrite was pipetted in this solution,
to obtain a final concentration of 5 mM of the dia-
zonium salt. In this mixture containing the diazo-
nium salt, 2 g of ACP were dispersed and sonicat-
ed in for 1 h (Fig. 2A). The modified ACPs (ACP-
C¢Hs, ACP-C¢H,NO,, ACP-C¢H,Br and ACP-
Ce¢H,COOH) were filtered, washed with copious
amounts of water, re-sonicated in acetonitrile (to
remove possible adsorbed oligomers formed dur-
ing the grafting reaction), washed in filter paper
with acetonitrile and dried.

2.4. Tests for presence of covalently attached layer

The carbon paste electrode was prepared by
thoroughly mixing 1 g of ACP-CsH,NO, with 0.36
ml of paraffin oil in a mortar with pestle. The ob-
tained paste was packed into the hole of the elec-
trode body (constructed by pressing a small rod of
stainless steel (d = 2 mm) inside a micropipette tip
(1 ml volume) to leave a depression at the tip sur-
face (~1 mm) for housing the carbon paste and a
thin copper wire was inserted through the opposite
end to establish electrical contact) and smoothed
on a clean Teflon® surface [29].

NaNO,
HCI

e

R =-H, -COOH or -NO,

Reversible electrochemical
transformation

-1500 -1300 -500

1(pA)

—1A —1B 1C 400 -

Fig. 2. A. Reaction scheme of "in situ” generation of the different diazonium salts and their attachment to ACP surface.

B. Electrochemical reduction of the covalently attached nitrophenyl moiety and the corresponding cyclic voltammogram of:
1A. carbon paste modified with grafted layers of -Ph-NO,; 1B. 2.5 mM solution of 4-nitrobenzene with non-modified carbon paste;
1C. non-modified carbon paste (cyclic voltammograms were recorded in an ACN+0.1M BusNBF, solution, v = 180 mVs-1, ref.
Ag/AgCl).
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The ATR spectra of modified ACP were re-
corded using a purged (low CO,, dry air) Jasco
FT/IR-6100 Fourier transform infrared spectrome-
ter equipped with a mercury-cadmium-telluride
detector. For each spectrum, 1000 scans were ac-
cumulated with a spectral resolution of 4 cm™. The
background recorded before each spectrum was that
of ACP. ATR spectra were recorded with a germa-
nium ATR accessory (Jasco ATR PR0470-H).

2.5. Adsorption study of pesticides

The sorption of the pesticides was achieved
on ACP according to two different methods, either
after extraction from an aqueous solution or direct-
ly in a hexane solution. In the first method, 5 mg of
ACP, ACP-CgHs or ACP-C¢H,COOH was sus-
pended in 2 ml of water, before 1 ml hexane was
added (final concentration of 250 ppb). The solu-
tion was stirred for 60 min and then left to settle,
and the hexane layer was injected for analysis of
the pesticide content. In the second method, the
sorption percentage and sorption capacity of the
modified ACP in the presence of organochlorine
pesticides was obtained by using 3 ml of a hexane
solution pesticide solution and adding 5 mg of the
corresponding sorbent (ACP-C¢Hs or ACP-
Ce¢H4COOH) into this solution (final concentration
250 ppb). After the adsorption, the suspension was
filtered and 0.8 ml was then collected into a 1.5 ml
vial and further analysed by GC-ECD.

The performance of the GC-ECD method in
the detection of pesticides is very satisfactory [30]
for all the analysed pesticides. The regression coef-
ficient is almost unity, showing a nearly perfect
linearity of the signal with the concentration.

3. RESULTS AND DISCUSSION

In order to ascertain the grafting of ACP, it
was derivatised with 4-substituted diazonium salts
that give characteristic electrochemical or spectro-
scopic features. ACP-C¢H,;NO, obtained by reac-
tion of 4-nitrobenzenediazonium was first exam-
ined by recording the voltammogram of a carbon
paste electrode (prepared as described in the ex-
perimental section 2.4). The electrochemical signal
from the quasi reversible electrochemical trans-
formation of the nitrophenyl group into its radical
anion was tested through cyclic voltammetry by
applying a potential sweep to the electrode from
—0.4 to — 1.5 V in deaerated ACN + 0.1 NBu,BF,
(Figure 2.B. Part B.1A-B.1C). The electrode signal
was compared with the signal obtained (in ACN +
0.1 BusNBF,) from i) a non-modified ACP and ii)

a non-modified ACP in the presence of a 2.5 mM
solution of 4-nitrobenzene. The similarity of the
voltammograms of nitrobenzene and ACP-
CsHsNO, (E° = —0.85 V/(Ag/AQCI) clearly indi-
cates the successful grafting, as with other carbons
[13].

The IR spectrum of a) ACP-C¢H,COOH is
presented in Figure 3 along with that of the b) 4-
carboxybenzenediazonium tetrafluoroborate. The
IR spectrum of the former presents IR absorptions
at 1698 cm* (~C=0 stretch) and 1611 and 1584
cm* (—C=C stretch from aromatic ring) that are
also present in the spectrum of the 4-carbo-
xybenzenediazoniumtetrafluoroborate [31]. Fur-
thermore, the absence of the -N=N stretch corre-
sponding to the diazonium group in ACP-
C¢H,COOH at 2310.3 cm* confirms a successful
grafting reaction [14, 15, 31].

For such powdered materials, it is important
to obtain an estimate of the amount of functionali-
sation. In order to obtain the ratio of number of
modified aryl groups:number of ACP carbon at-
oms, ACP-C¢H,Br was prepared as described
above. The elemental analysis gave C: 72.16 %
and Br: 2.96%, which corresponds to 3.8 aryl
groups per 100 carbon atoms.

a.u.
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Fig. 3. IR spectra of (a) ACP-C¢H,COOH and
(b) 4-carboxybenzenediazonium tetrafluoroborate.
Normalised spectra arbitrary absorption units

ACP was then modified with phenyl and
carboxyphenyl groups, as described above, to give
ACP-C¢H; and ACP-C¢H,COOH. The hexane so-
lution obtained after sorption of the pesticides or
extraction of the aqueous solution (Figs. 4 and 5,
respectively) by ACP-C¢Hs and ACP-C¢H,COOH
were analysed by GC-ECD to quantify the amount
of pesticide remaining in solution. The sorption
percentage was calculated from Equation 1 and the
sorption capacity from Equation 2:
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) Cfinal where yo and v, present the initial and equilibrium
Sorption % = 7 100 M concentrations of the solute (mg 1) in the mixture
solution, respectively, V is the volume of the solu-
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Fig. 4. Sorption percentage of the corresponding pesticides from an aqueous solution extracted with hexane
(sorption time of 60 min) onto ACP, ACP-C¢H, and ACP-C¢H,-COOH modified activated carbon. Sorbent mass = 5 mg.

( 7
t=10min ACP-C6H5 t=30min ACP-C6H5 B t=60min ACP-C6H5
M t=10min ACP-C6H4-COOH t=30min ACP-C6H4-COOH M t=60min ACP-C6H4-COOH
g
c
2
=
2
]
v
N J
( t=10min ACP-C6H5 t=30min ACP-C6H5 B t=60min ACP-C6H5 h
M t=10min ACP-C6H4-COOH t=30min ACP-C6H4-COOH M t=60min ACP-C6H4-COOH
B
o9
E
o
N J

Fig. 5. Sorption percentage (A.) and capacity (B.) of the corresponding pesticides (sorption times: 10, 30 and 60 min)
from a hexane solution onto ACP-CgHs and ACP-C¢Hs-COOH modified activated carbon. Sorbent mass =5 mg.
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The sorption percentage and capacity, in
aqueous solution extracted with hexane, of ACP,
ACP-C¢Hs and ACP-C¢H,COOH of the studied
pesticides are presented in Figure 4. Figure 4 indi-
cates that heptachlor, aldrin, heptachlor epoxide,
endosulfan |, dieldrin, endrin and endosulfan sul-
fate (Figure 4) are strongly trapped by ACP-C¢H,-
COOH and ACP-CgHs by comparison with ACP,
while the difference is small for 6-HCH, p,p-DDD,
endrin aldehyde, DDT and methoxychlor. In hex-
ane solution, Figure 5 shows that the high sorption
values of organochlorine pesticides on modified
ACP (ACP-C¢Hs and ACP-C¢Hs-COOH) is ob-
tained at a relatively short contact time. These ma-
terials are able to adsorb a remarkable amount (90—
126 mg g ') of pesticide are adsorbed by ACP-
CeHs and ACP-C¢Hs-COOH in the case of hepta-
chlor, aldrin, heptachlorepoxide, endosulfan I,
DDE, DieldrinEndrin, endosulfan Il, and endosul-
fan sulfate; however the values are much lower for
d-HCH and eldrin (£ 10%).

These differences between the sorption per-
centages of the different pesticides can shed some
light on the structures and interactions involved in
the trapping process. We will discuss the differ-
ences on the typical examples of heptachlor on one
side and o-HCH and DDT on the other side. For
heptachlor, the sorption capacity increases from
35% on ACP to 95% on ACP-CgHs and 91% on
ACP-CsH5-COOH; while for a-HCH and DDT it
only increases from 94 to 98%. As stated above,
ACP is a porous material [26, 28], the sorption of
pesticides and other molecules in ACP relies on the
porosity [26] (pore size distribution). The different
interactions involved in the sorption of organic
molecules are London forces, hydrophobic but also
specific chemical interactions, such as the presence
of basic and carbonyl groups, and ©-n interactions
[32]. For ACP-C¢Hs, only n-n stacking and hydro-
phobic interactions (the average water contact an-
gle of the basal surface of HOPG is ~82° [33])
should be observed. In a neutral medium, ACP-
Ce¢H,—COOH is deprotonated to ACP-C¢H4-COO"
(the pK is 2.8-3.0) [19]. As the experiments in
Figure 4 were performed in water C=0---Cl [34]
and m-m interactions can be expected for ACP-
Ce¢H,—COO", but not hydrophobic interactions as
C-C¢H,—COOH: is rather hydrophilic with water
contact angles from ~15-20° at pH 6-7 [35]. As
concerns the pesticides in this work, all of them are
lipophilic (they have a low solubility (S) in water
[34] and high octanol/water partition coefficients
(log Kew) [36, 37]. For example, for the compounds
of Figure 5: heptachlor S = 0.07 mg I and log Ko,
= 5.27-6.06; 8-HCH S = 0.01 mg I"* and log Ko

~4.8; DDT S = 0.01 mg 1" and log Ko, = 6.38—
6.91). Therefore, the sorption differences observed
between heptachlor and a-HCH, DDT should have
another origin than hydrophobic (as ACP-Cg¢H,-
COO' is hydrophilic) or m-m interactions (both
ACP-C¢H; and ACP-C¢H,-COQO" are aromatic oli-
gomers).

Figure 6 shows the structure of typical pesti-
cides: heptachlor is the simplest of the polychlori-
nated bicylooctane structures (which also include
aldrin, heptachlor epoxide, endosulfan I, dieldrin,
endrin and endosulfan sulfate).

cl Cl cl

Heptachlor

Fig. 6. Structures of heptachlor, 3-HCH and DDT

For these compounds, molecular models
show a volume of chlorine atoms. While 8-HCH
and DDT are polychlorinated cyclohexane and
aromatic structures for which all the chlorine at-
oms are close from the equator plane and in the
plane, respectively. The nearly flat polychloro-
molecules, such as 8-HCH and DDT, interact
strongly with ACP within its pores, the sorption
would much lower for molecules, such as hepta-
cholor for which chlorine atoms are dispersed in a
volume. In contrast the three molecules would in-
teract strongly with the aromatic groups in the la-
mellar structure of and through C=0---Cl, in ACP-
CsH,-COOQO'". The differences between ACP on one
side and ACP-C¢Hs and ACP-C¢H,-COO™ on the
other side would therefore be related to steric ef-
fects.

If we now compare the performance of the
two grafted layer ACP-CgHs and ACP-CgH,-
COOH in hexane solution (Fig. 5, sorption time t =
60 min) using the equation below (Equation 3):

1 C — Ph — COOH (%) =

- %c-ceH4-co0H — %c-CeHs * 100 (3)
%c-ce6H4-COOH

Maced. J. Chem. Chem. Eng. 37 (1), 71-78 (2018)
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we observe that grafting carboxyphenyl layers onto
ACP (ACP-C¢H4-COOH as they carboxylic groups
should be protonated in hexane) enhances the sorp-
tion ability of this material. The increased sorption
percentage from ACP-CgHs to ACP-CgH,;-COOH,
is up to: 76 % for dieldrin, 60 % for endrin, ~ 50%
for: endosulfan sulfate, heptachlorepoxid, endosul-
fan 1, heptachlor, aldrin but only 15-30 % for: en-
dosulfan I, p,p-DDD, B-HCH, methoxychlor and
a-HCH and ~0% for DDT. This enhanced trapping
with in the presence of carboxylic groups has al-
ready been observed during the sorption of chlor-
decone, a polychlorinated pesticide, on ACP with
different COOH contents [38] but also in molecu-
larly imprinted polymers (MIPs) [39]. In this final
investigation, the binding between heptachlor,
DDT and polymethylmethacrylate was modelled
by DFT methods and electrostatic interactions
were shown to be responsible for the efficiency of
the MIP. The enhanced trapping of heptachlor and
ACP-C¢H4-COOH can be assigned to the same
interactions but also to the formation of —Cl---
O=C(OH)- [34] and hydrogen bonds [40] between
the chlorinated pesticides and the carboxylic
group; such bonds have been observed in biologi-
cal molecules [41] and crystals. Therefore, the pre-
ferred interaction with ACP-C¢H,-COOQOH by refer-
ence to ACP-CgHs should be related to the pres-
ence of carboxylic groups. However, for 6-HCH
and DDT, the interactions are of the same order in
ACP-Cg¢Hs and ACP-C¢Hs-COOH, in this case also
steric effects should contribute.

Finally, one finds increased interaction in
the order ACP < ACP-CgHs < ACP-CsH-COOH for
heptachlor, but the interactions are similar for &-
HCH and DDT on the three sorbents.

4. CONCLUSIONS

The removal of organochlorine pesticides
through the sorption process is an interesting way to
dispose of these toxic molecules. We show that a
significant increase in ACP performance can be
achieved by controlling the interfacial properties of
the sorbent by the covalent surface attachment of
polyphenylene films. This modification is easily
achieved (60 nm in an ultrasonic bath) by dediazo-
nation of diazonium salts, leading to radicals that
react with the carbon surface. We show that chang-
ing the bonded —CgHs group to —C¢Hs-COOH dras-
tically improves the sorption efficiency of some of
these modified ACPs. Moreover, this change is spe-
cific to the structure of the pesticide through steric
effects. A large choice of readily available aromatic
substituted amines permits to vary the functional
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groups (—OH, —halides, -CN, —SH, -COOH, —-CHO,
—C=0 and so on) [15, 16]. These amines are readily
transformed “in situ" to the corresponding dia-
zonium salts, which permits tailoring of the surface
properties of the sorbents, thereby opening a whole
window of opportunities for possible selective ad-
sorption of chemical species onto these sorbent sur-
faces. The results obtained in this study indicate that
in aqueous solution, the sorption is favoured by O---
Cl bonding between the pesticide and the film at-
tached to the sorbent. Therefore, among the various
possibilities mentioned above, films with high hy-
drogen bonding capacities should be favoured, such
as aromatic groups with several COOH or NH,
groups. We are presently investigating such routes.
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