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By means of the traditional two-stage carbonization—activation process, a
sample of nanoporous carbon was obtained from a dogwood seed as well as
its analogue modified with salicylic acid. Porometric characteristics of
carbons obtained are determined due to the N, sorption—desorption iso-
therms. As established, the prepared carbons have well-developed porous
structure with a high specific surface area Sy, = 1450 m?/g, specific sur-
face of mesopores S,,=350 m?/g, and total pore volume Vy=0.7 cm?®/g.
An assumption is made about the possibility of using such sorption mate-
rials for cleaning water sources from B(III) ions. For both samples, sorp-
tion studies are carried out for the absorption of boron from aqueous so-
lutions. The sorption capacity of activated and additionally salicylic-acid-
modified carbons with respect to boron ions as microimpurities contained
in natural waters is studied. As shown, the modified carbon exhibits the
maximum sorption properties, the adsorption capacity of which reaches 18
mg/g. An assumption is made about the mechanism of sorption of boron
ions. In heterogeneous systems, the presence of oxygen-containing func-
tional groups is demonstrated to be very effective in processes connected
with removal of boron pollutants. The borate ion attacks the hydroxyl
groups of the phenolic ring and forms a co-ordination bond between the
boron atom in the borate ion and the oxygen atom in the hydroxyl groups.
The complex is a six-membered ring containing two oxygen atoms and one
boron atom. The obtained sorption isotherms are processed using the
Langmuir and Freundlich equations. This allowed assuming that the adsorp-
tion of borate ions on highly porous sorbents obeys the Langmuir model.

IIlnaxomM mpoBeAeHHS TPagHIiiHOTO ABOCTAAiHHOTO mpollecy KapOoHisarii—
aKTuBaIlii 6yJ0 ofep:KaHO 3pPa30K HAHOIOPYBATOrO BYTLIIA i3 JIirHOIIEJIO-
JIO3HOI CUPOBMHU — KiCTOYOK KUBUJIY, a TaKOXK HOro aHaJjor, MoaudikoBa-
HUHN CaJiliMJIOBOI0 KUCJIOTOK. BH3HAUEHO NOPOMETPUYHI XapaKTEPUCTUKU
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oJlep:KaHUX 3pasKiB BYTiJid Ha OCHOBi isdoTepm copb6mii—mecopOiiii asory.
BcTaHOBJIEHO, IITO0 IPUTOTOBJIEHI BYTiJIJIS MAlOTh PO3BUHEHY IOPYBATY CTPY-
KTYpPY 3 BHCOKOIO IIMTOMOIO IIOBEPXHe Spzpr = 1450 M?/r, MUTOMOIO IIOBEPX-
Hero Mesomop S,,, = 850 m%/r, cymapauM 06’emom mop Vy=0,7 cm®/r. 3pob-
JIEHO TPUNYIIEHHA IOJ0 MOJKJIMBOCTY BUKODPUCTAHHA TaKUX COPOIiAHUX
MaTepifaaiB Iyia ouUIlleHHS BoxHUX mMKepes Big #onis B(III). na ob6ox 3pa-
3KiB O0yJI0 mpoBeneHO COPOIIifiHi mocaimsKeHHA 3 mMOoTInMHAHHA Bopy 3 BogHUX
posuuHiB. BuBueHo copOIlifiHy 3maTHiCThP AKTHBOBAHOTO Ta AOJAATKOBO MO-
Iu(diKoBaHOTO CAJIIIMJIOBOI0 KMCJIOTOIO0 BYTiJLISA IIO BigHOIIIEHHIO OO HOHIB
Bopy gk MikpomoMiIok, 1o MicTaAThcA B IpupofHuX Bojax. Ilokasano, 110
MaKcHUMAaJbHiI cOpOIiliHI BiaacTuBOCTi Mae Moau(piKoOBaHMN mHpemapar, aluco-
pOIifina 3gaTHICTH AKOro mocsArae MakcuMaabHO 18 mr/r. 3pobjeHo IIpu-
IyIeHHs PO BiporimHuWii mMexaHism copbiii fouie Bopy. Bymo mokasaso,
III0 B TeTEPOTeHHUX CHCTeMaX MPUCYTHICTh KMCHEBMiCHUX (GYHKI[IOHAJIBHUX
rpyn ayske eeKTHBHa B IIpPoIlecax, IIOB’A3aHUX 3 BUAAJEHHAM OOPHUX 3a-
OpyaHioBauiB. Bopar-iioH aTakye riIpoKCUJIbHI rpynu ¢eHOJBHOTO KiJbIld i
YTBOPIOE KOOPAMHAIINHUN 3B’A30K MixKk aTomoMm Bopy y Gopart-iioHi i aTo-
moM OKcureHy y TiIpOKCHUJIBHUX rpynax. KoMIIeKC TpeacTaBise co00io
ImecTUYJeHHEe Kinblle, ke MicTurh nBa aromu OKcureHy Ta oamH DBopy.
Opepe:xaHi isoTepmMm copOIfii 00po0ISaN 3 BUKOPHUCTAHHAM JIeHI'MIOPOBOTO
Ta @poiHAIiX0BOTO PiBHAHL. Ile masio 3MOTry CTBEpPAKYBaTHU, IO aAcopOITia
GopaT-iioHIB HAa BHCOKOIIOPHMCTHX COPOEHTaX MHiAmopsamgKOBYeThCs JIeHT'Mio-
POBOMY MOZEJIIO.
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1. INTRODUCTION

In recent years, there has been a rapidly growing interest concern-
ing the widespread environmental pollutions [1], which emerged as
one of the urgently demanding priorities. It is needed to say that
the impact of pollution threatens to environment and public health,
causing the destroy of natural sources: water, air and soil as well as
the growth of the pollution-initiated diseases hepatic failures, res-
piratory system disorders, heart diseases, allergy, skin diseases and
many others.

Boron compounds are used in the manufacture of glass, soaps and
detergents and as flame retardant. In general, living organism con-
sumes the greatest amount of boron substances through food in-
take, as it is naturally found in many edible plants. Boron is also
found in groundwater, but its presence in surface water is frequent-
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ly a consequence of discharge between the treated sewage effluent,
in which it arises after applying of some detergents, and surface
waters. The consuming of small concentration of this element is
safety but its higher content become dangerous for human health
[2]. Toxicological studies have shown that short- and long-term oral
taking of boric acid or borax by laboratory animals may affect the
male reproductive ability.

The application of usual water treatment (coagulation, sedimen-
tation, and filtration) does not essentially promote the boron re-
moval, and the sorption methods need to be installed in order to
remove boron from waters. Numerous works have been done for bo-
ron removal from aqueous solutions. Some of the processes that
have been used were as follow: activated carbons [3], surface modi-
fied cellulose derivatives [4] and soils [5]. It was established that
boron removal occurs due to adsorption on external surface as well
as due to ion exchange [6].

Among others, lignocellulosic precursors present highly recom-
mendable sources because they are readily available, low-cost, regu-
larly produced and renewable feedstocks. Fruit stones and shells [7—
9] are particularly interesting as they are generated as by-products
from food processing industries in amounts sufficient for obtaining
good adsorbents. This would contribute to solving many current-day
environmental purification problems. Accordingly, investigation has
been directed to the utilization and upgrading of biomass materials
for the production of high porous carbons [10—-14]. Cheaper activat-
ed carbons are not only abundant low-cost materials but, moreover,
they are the products of relatively low-cost process of preparation.

Among a large variety of adsorbents, activated carbon of ligno-
cellulosic origin is still the most important one in current use in the
environmental pollution control due to its large surface areas, high
adsorption capacity, porous structure, selective adsorption and high
purity standards [15]. Nevertheless, there are a number of factors
affecting the adsorption capacity of activated carbon and adsorption
degree of some toxic trace elements. Therefore, the adsorption ca-
pacities and the feasible removal rates of the activated carbon must
be substantially boosted for boron ions by the modification with
suitable reagent. Over the recent several years, the development of
surface modified activated carbons served as a springboard for im-
proving the properties of existing activated carbons. Surface modi-
fied activated carbons proved to have superior adsorption capacity
towards boron substances, which are less adsorbed by non-modified
activated carbons [5, 16].

The aim of the present investigation was to obtain activated car-
bon from novel lignocellulosic precursor—cornel seed, impregnating
with salicylic acid to prepare its modified derivative, to investigate
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the textural properties of both carbons and to study removal capaci-
ty towards B(III) ions.

2. EXPERIMENTAL

Cornel seed obtained from Ukrainian cornelian cherry was used as a
precursor in the present study. Two-step physical activation method
was used to prepare the activated carbon. At first, carbonization
was carried out to produce chars with rudimentary pore structure.
The second stage comprised steam activation of chars at a tempera-
ture of 850°C to produce the final product with well-developed ex-
ternal porous structure.

The process of obtaining the surface modified carbon included the
impregnation of activated carbon with solution of salicylic acid. Af-
ter impregnation, soaked samples were dried at a temperature of
80°C for about 1 hour.

The data on the porous structure of the synthesized carbons were
obtained from nitrogen sorption—-desorption isotherms at a temper-
ature of 77K using a NOVA 2200 gas adsorption analyser
(Quantachrome, USA). Before the measurements, the samples were
kept in a vacuum of 1-10™ Torr at 180°C for 16—20 hours. The spe-
cific surface area was calculated by the BET method (Szzr). Pore
size distribution (PSD) was obtained using the BJH method. The
total pore volume was estimated from the volume of liquid nitrogen
adsorbed at a relative pressure p/p,=0.99.

To study removal capacity, 0.05 g of carbon was shaken with 25
ml of boric acid solution with following concentrations: 10, 20, 30,
40 and 50 mg/1 for 6 hours in rotating shaker at room temperature.
The B(III) ion content in aqueous phase was determined by means of
spectrophotometric method. 10 ml of the tested solution was placed
in a porcelain cup and 1 ml of a 10% NaCl solution and dropwise
10% NaOH solution were added until an alkaline reaction. The so-
lution was evaporated to dryness in a water bath. To the cooled dry
residue, 15 ml of a 0.005% solution of carmine in concentrated sul-
furic acid were added from the burette. The solution was thorough-
ly mixed with a glass rod until the dry residue is completely dis-
solved and the evolution of hydrogen chloride stops. The solution
was transferred into a colorimetric test tube with a ground stopper.
On the next day, the solution was mixed again and placed in color-
imetric device FEK-M (30 mm cuvette, wavelength of 620 nm). A
0.005% solution of carmine in sulfuric acid was used as a reference
with zero B content.

The equilibrium concentrations were then defined using a previous-
ly established calibration graph. The adsorption capacity of boron re-
moval from aqueous solution was determined from the formula:
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A=(C0—Ce)z, (1)
m
where A is the amount of B(III) adsorbed at equilibrium, (mg/g), C,
is the initial concentration of B(III) (mg/l); C, is the equilibrium
concentration of B(III) (mg/1), V is the volume of solution, from
which adsorption occurs (1); m is the adsorbent mass (g).

3. RESULTS AND DISCUSSION

B-ions adsorption was carried out on obtained activated carbon and
activated carbon previously impregnated with salicylic acid. In pre-
sent investigation, surface modification of obtained carbon was per-
formed to prepare of oxygen functional group-supported adsorbent
(OFG). The choice of this chemical reagent was caused due to pres-
ence of OFG groups.

Figure 1 shows the nitrogen adsorption—desorption isotherms of
activated carbon prepared from dogwood stone and its surface mod-
ified derivative. It is seen that the adsorption—desorption isotherms
for investigated carbons may be related to Type IV according to
IUPAC classification [17]. Characteristic features of derived iso-
therm are its hysteresis loop, which is associated with capillary
condensation taking place in mesopores, and the limiting uptake
over a range of high p/p, values. The initial part of IV isotherm is
attributed to monolayer—multilayer adsorption since it follows the
same path as the corresponding part of a Type II isotherm obtained
with the given adsorptive on the same surface area of the adsorbent
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Fig. 1. Nitrogen adsorption—desorption isotherms of activated carbon (1),
prepared from cornel stone, and its modified derivative (2).



634 N. V. SYCH, V. M. VIKARCHUK, L. A. KUPCHYK et al.

in a non-porous form. These isotherms are characterized with wide
hysteresis loop whose closure points are varied between p/p, = 0.45
and p/p, = 0.95. It testifies about significant lot of mesoporosity of
carbons produced. The comparison of obtained activated carbon and
its modified derivative shows that surface modification results to
decreasing of volume adsorbed at a p/p,=0.98 from 570 cm?®/g to
about 490 cm®/g.

The pore size distributions of prepared carbons are presented in Fig.
2. It is seen that investigated carbons contain both micro- and meso-
pores. The plot features predict the prevalence of microporosity in
tested carbons though the mesopore lot is significant. The pore size
distribution is characterized by a large peak at effective pore radius
equal 1.97 nm for activated carbon and 2.03 nm for modified carbon. It
may be concluded that this little difference is caused by the surface
modification procedure. The BET surface areas, external areas, micro
and total pore volumes, calculated from adsorption—desorption iso-
therms as well as an average pore radius, are presented in Table 1. It
can be seen from the table that, because of modification, the character-
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Fig. 2. Differential pore size distribution obtained from the desorption

branch of the isotherm for activated carbon (1), prepared from cornel
stone, and its modified derivative (2).

TABLE 1. Porometric characteristics of prepared carbon and its modified
analogue.

Samples Appr, m*/g |AEXT’ mz/g| Vs cm®/g |Vt’ Cm3/g| Ry, A
Activated carbon 1450 351.2 0.46 0.70 19.70
Modified carbon 1345 325.8 0.42 0.66 20.30
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istics of the porous structure slightly decrease in comparison with the
characteristics of unmodified carbon, the specific surface of which is
of 1450 m?/g, the surface of mesopores is of 350 m?/g, and the total
pore volume reaches 0.7 cm?/g.

It is known that the adsorption capacity depends on some factors.
First of all, it is influenced by the activated carbons’ texture char-
acteristics as well as surface chemistry (surface functional groups).
The complexation reaction between borate ions and oxygen-
containing groups of salicylic acid was studied in an aqueous solu-
tion. The results show that complexation can proceed completely
and rapidly at room temperature. It was shown that adsorption ca-
pacity (Fig. 3) is strongly increased with applying of surface modi-
fication and obtaining OFG-supported activated carbon reaching
about 18 mg/g of sorbent. It was established that, in spite of higher
external surface area of activated carbon, the sorption capacity of
its modified derivative is increased almost 2 times towards boron-
containing pollutant (Fig. 3). In heterogeneous systems, the pres-
ence of OFG groups has been demonstrated to be very effective in
processes, connected with removal of boron ions [18]. The borate ion
attacks the hydroxyl groups of the phenolic ring and forms a coor-
dination bond between the boron atom in the borate ion and the ox-
ygen atom in the hydroxyl groups. The complex is a six-membered
ring containing two oxygen atoms and one boron. Complexation can
release hydrogen ions, which leads to a decrease in the pH of the
solution.

Results obtained are in a good agreement with works devoted to
surface modification of an inorganic support material, MCM-4.1,
with N-methylglucamine for boron uptake from aqueous solutions
[19]. According to this work, the maximum amount of B (as H;BO,)
that may be adsorbed by such modified material was found to be 0.8
mmol/g of sorbent.

To determine the adsorption model of boric acid on the obtained
sorption materials, the experimental results were processed using
the Langmuir and Freundlich equations:

KC
—A, 2)
"1+ KC,

where A, is a value of boundary adsorption (mg/g), K is the con-

stant of the Langmuir equation; C,—equilibrium concentration of
adsorbate (mg/dm?);

eq

A, =K, C'", (3),

where A is the amount of adsorption (mg/g), n is an exponent.
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Fig. 3. Isotherms of adsorption of B(III) ions on activated carbon from
cornel seed (1) and its analogue modified with salicylic acid (2).

TABLE 2. Parameters of the Langmuir and Freundlich isotherms for na-
noporous carbon and its modified analogue.

Samol Langmuir isotherm Freundlich isotherm
amples A, Ml"/I‘| K | r? | Kz Mr/r | n | r?
Active carbon 12.9 9.05 0.997 10.8 0.87 0.953

Modified active carbon 24.7 2.51 0.989 17.2 1.31 0.956

The parameters of the Langmuir equation (A., K) and the Freun-
dlich one (4, n), as well as the correlation coefficients (r*) of these
dependences, were calculated using the least squares method and
are given in Table 2. High values of the correlation coefficients in-
dicate that the adsorption of boric acid on highly porous sorbents
obeys the Langmuir model.

4. CONCLUSIONS

By means of the traditional two-stage carbonization—activation pro-
cess, a sample of activated carbon was obtained from a cornel seed.
From the standpoint of industrial applications, carbon is suitable
adsorbent with high surface area (Szg;= 1450 m?/g, S, =350 m?/g,
Vy=0.7 cm?®/g).

It was found that adsorption of boron onto carbonaceous surface
was enhanced by its modification with salicylic acid and obtaining
of OFG-supported derivative. It was shown that modified carbon
exhibits the maximum sorption properties, the adsorption capacity
of which reaches 18 mg/g. An assumption has been made about the
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mechanism of boron ions adsorption. In heterogeneous systems, the
borate ion attacks the hydroxyl groups of the phenolic ring and
forms a co-ordination bond between the boron atom in the borate
ion and the oxygen atom in the hydroxyl groups. In result, it was
determined that the use of salicylic acid as an impregnant for acti-
vated carbon led to the increase of the amount of boron adsorbed.

The processing of experimental data using the Langmuir and
Freundlich equations suggests that the adsorption of borate ions on
highly porous adsorbents obeys the Langmuir model. By means of
the traditional two-stage carbonization—activation process, a sample
of activated carbon was obtained from a cornel seed. From the
standpoint of industrial applications, carbon is suitable adsorbent
with high surface area (Szg;=1450 m?/g, S,,=350 m?/g, Vy=0.7
cm?/g).

It was found that adsorption of boron onto carbonaceous surface
was enhanced by its modification with salicylic acid and obtaining
of OFG-supported derivative. It was shown that modified carbon
exhibits the maximum sorption properties, the adsorption capacity
of which reaches 18 mg/g. An assumption has been made about the
mechanism of boron ions adsorption. In heterogeneous systems, the
borate ion attacks the hydroxyl groups of the phenolic ring and
forms a coordination bond between the boron atom in the borate ion
and the oxygen atom in the hydroxyl groups. In result, it was de-
termined that the use of salicylic acid as an impregnant for activat-
ed carbon led to the increase of the amount of boron adsorbed.

The processing of experimental data using the Langmuir and
Freundlich equations suggests that the adsorption of borate ions on
highly porous adsorbents obeys the Langmuir model.
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