Colloids and Surfaces A 532 (2017) 36-40

Contents lists available at ScienceDirect

Colloids and Surfaces A

journal homepage: www.elsevier.com/locate/colsurfa

The active carbons modified by industrial wastes in process of sorption
concentration of toxic organic compounds and heavy metals ions

Shamshiya Amerkhanova“, Rustam Shlyapov, Aitolkyn Uali

Buketov Karaganda State University, Universitetskaya str., 28, Karaganda, 100028, Kazakhstan

A:rossMark

GRAPHICAL ABSTRACT

adding the slag (1%)
and carbonyzation, 10°C/min,” >

final temp. 600°C, 2 h.

acidic modification
(H,PO,, 10 M), 70°C

wood waste

washing by hot water,

drying at 105°C

|J

initial raw
ARTICLE INFO RACT
Keywords: investigation of active carbons, obtained from the pine waste (lat. Pinus sylvéstris) by modifying
Pine wastes ic acid and industrial (metallurgical slag) wastes, are discussed. The structure, composition and
Ac'fi‘fe Carb?ns ) erties of obtained sorbent have been investigated by using FT-IR-spectroscopy, elemental analysis, DTA/
AC‘d‘lCl m"_dl?c?t“’“ TGA, SEM. The iodine adsorption activity and adsorption values toward to some inorganic and organic pollu-
X;stzr:triﬁ:a slag nts of sorbent have been evaluated. Based on laboratory test results, it was established that the sorbent on the

Organic and inorganic pollutants

aqueous solutions.

base of activated carbons prepared by chemical modification, followed by carbonization in the presence of
metallurgical slag and water treatment, has a porous structure. It was shown that sorbent can be used in the
processes of sorption concentration of phenol, chloroform, pyridine, aniline, and also heave metals ions from

d carbon fiber materials and wastes of energy sector (ash
and slag) haye a well-developed porosity, specific surface area, as well
as combination of high filtration and sorption-kinetic properties. A
large number of active carbon materials have been studied including

* Corresponding author.
E-mail address: amerkhanova_sh@mail.ru (S. Amerkhanova).

http://dx.doi.org/10.1016/j.colsurfa.2017.07.015

Received 3 March 2017; Received in revised form 2 July 2017; Accepted 6 July 2017
Available online 08 July 2017

0927-7757/ © 2017 Elsevier B.V. All rights reserved.

wood chemical waste and secondary raw materials (energy sector
waste) [1-5]. Specifically, activated carbons derived from pine waste
(lat. Pinus sylvéstris), have specific applications as sorbents for chlorine-,
nitrogen- and oxygen-containing organic compounds and heavy metal
ions. Moreover, it has been demonstrated that these materials exhibit a
high degree of purification in comparison with known sorbents such as
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sorbents based on sawdust [1], activated carbon (also referred to as
Sigma C-3014) [6], coconut coir and sugarcane bagasse [7].

The aim of this work is the synthesis and characterization of acti-
vated carbons, specifically, activated carbons obtained from pine waste
(lat. Pinus sylvéstris). Specifically, activated carbons were produced by
the chemical modification of phosphoric acid and industrial (me-
tallurgical) wastes, owing to their subsequent applications in the pro-
cess of sorption concentration of chlorine-, nitrogen- and oxygen-con-
taining organic compounds and heavy metal ions. The novelty of this
material is significant because of application of wood (pine) wastes
after chemical modification and carbonization in the presence of me-
tallurgical slag.

2. Synthesis and experimental
2.1. Chemicals, reagents and materials

The wood pulp (d = 0.5-2.0 mm), obtained from the pine waste
(lat. Pinus sylvéstris), was used as a raw material, with 8% moisture and
12.2% of volatile substances. All the reagents (phenol, chloroform,
pyridine, aniline, FeCl36H,0, Co(NO3),6H,0, NiCl,6H,0, KI,
Na,S,03, NaOH, HCl and H3PO,) used were of analytical grade or
better. In order to avoid to contamination during the chemical reac-
tions, distilled water was used throughout the synthesis.

2.2. Preparation of sorbent

Pine waste was impregnated by a solution of 10 mol L.~* of ortho-
phosphoric acid by constant stirring at a temperature of 70 °C. The
weight ratio of initial mass to modifying agent was 1:5. The material
slur was then subjected to evaporation until the wet residue was left. To
this residue, metallurgical (1% by weight of the sorbent) was added,
thermal treatment at the temperature range: 300-600 °C with holding
the sorbent at final temperature for 120 min. After temperatureqtreat-
ment, the obtained carbonized material was washed with hot/distilled
water heated to 90 °C (3 times), then dried at 105 °C. Then ‘obtained
product (active carbons) was used as sorbent in adsorption tests.

2.3. Experimental characterization of sorbent

Elemental analysis (C, H and O) of the activated carbons was carried
out on the Perkin Elmer 240 °C Elemental’Analyzer. X:ray fluorescence
analysis of the samples was carried out on the X-ray fluorescence
analyzer Olimpus Delta XRF Innowv#XpSystems4 Electron microscopic
images of the sorbents were takeft on the'scanning electron microscope
Mira 3 Tescan at 25-2000 times'‘magnification.

Fourier transform infraredy (FT-IR)" spectroscopic measurements
were carried out by usifig,on a FSM 1201 FTIR spectrometer operating
at frequency range_betweef, 4000 and 400 cm ™. For FTIR measure-
ments, the sorbent samples were placed in KBr pellets.

Thermalyanalysesf(TGAland DTA) analyses were performed on the
Labsys'DTA/DSC device4The solid sorbent samples were placed in an
alufminum sample holder and then heated from 32 °C to 1000 °C in steps
of 10 °@min ! in the presence of N, atmosphere.

For determining the total pore volume, the sorbent was filling of
pores by water at boiling a sample of active carbons in water and re-
moving excess water from the grain surface by aspiration using water
jet pump. The common porosity (%) is defined as the ratio of the total
pore volume to the volume of the active carbons sample. The total pore
volume (Vy) in cm® g 7! is calculated by the formula:

m—-m
6> o

(€Y

where m is the mass of active carbons in dry state, g; m; is the mass of
wet coal, g; p is the density of water, g (cm®) ™ L. The error of determi-
nation is not more than + 0.7%.2.3. Adsorption tests
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Adsorption isotherms were determined at the temperatures 25 and
45 °C by using stoppered flasks containing 1.0 g of activated carbon
dissolved in 30 mL of solution. The solutions of HCI (2.88 mol L.~ 1) and
NaOH (2.77 mol L™ ') were used to control the pH of the solutions.
Initially, activated sorbent was immersed in an aqueous solution (pH 3,
4,7, 8, 9) of the sorbate, with a concentration of (1, 3, 5 mg L~ ' in the
case of organic compounds, and 20-100mg g~ ! for the inorganic
toxicants). Then, this mixture in a container was thermostated for
60 min with constant stirring until equilibration. Then this,solution was
filtered.

The residual concentration of Fe(III), Co(II), Ni(II) ions was de-
termined by atomic absorption spectroscopy by:usifigyVarian AA140
spectrometer. The concentrations of the orgafiic compounds absorbed
by the sorbent were determined by liquid chromatography method
coupled with mass spectrometry (LCMS Agilent 7890A). Specifically,
for the case of phenol, the determination of the'residual concentration
after adsorption was carried out by usidg common‘spectrophotometric
method at A = 420 nm, the 4-amin®antipyrinel was used as a light-
substance.

1.5 g of active carbons was Being/shaken‘into 100 mL of 0.1 mol L ™!
solution of potassium iodide (KI) for 45 min for determination of iodine
number. lodine goncentration \wasddetermined by titration with
0.1 mol L™ ! sodium thiosulphate (Na,S»03), with using a starch solu-
tion as an end-point indicator. The iodine number equals to the ad-
sorbed amount of iodine T1%.

In exder tolevaluate the accuracy and reproducibility, the afore-
mentioned experimental measurements were carried out repeatedly for
at least three times.“All values stated in this paper are the mean values
taken|over three readings, with a standard deviation, Sy, does not ex-
ceeding *30.05.

33 Results and discussion
3.1, Composition, surface morphology and structural aspects of sorbent

Sorbent samples were prepared by chemically activating pine waste
with 10 mol L ™! orthophosphoric acid for two hours at the temperature
range between 300 and 600 °C. Orthophosphoric acid is a wildly used
as a pore-forming agent, that stimulates carbonization reactions usually
occur at much lower temperatures than standard pyrolysis, essentially
by consisting — radical processes resulting in disproportionation re-
actions and tar formation [8]. Followed by a 2-h carbonization reaction,
the sorbent had been subjected to high-temperature water treatment by
washing the material three times with hot (heated to 90 °C) water. As a
result of the above steps the following changes have been taken place:
(i) formation of carbon mass with a characteristic porous structure, (ii)
delicate surface morphology and texture, (iii) reduced process time,
temperature drop and losses for gasification. Specifically, during the
carbonization of the sorbent material at the temperature range between
300 and 600 °C, porous sorbent structures are formed enabling the
material to capturing specific organic compounds and exchanging ca-
tions and ions depending on the size and shape of the porous structure
of the sorbent. In the present study, the metallurgical slag added to
carbon mass was a solid powder ( = 0.074 um), the elemental com-
position of which is presented in Table 1.

Elemental analyses suggest that the composition of chemically
modified active carbon by using orthophosphoric acid consists of (%) C
65.68; H 4.40; O 20.12; C/H 14.92; C/O 3.26, while the elemental
composition of the same material after adding wastes was (%) C 81.95;
H 4.76; O 22.42; C/H 17.21; C/0 3.65. On the basis of these distinct
elemental compositions, it could be hypothesized that the increase ra-
tion of C/O from 3.26 to 3.65 is possibly due to the carbonization
process. The results clearly indicate that the oxidation of active carbons
with subsequent carbonization influences the atomic C/H and C/O ra-
tios. The increase in the atomic C/H ratio in the pyrolysis products
compared with initials indicate that the material has undergone
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Table 1
Mineralogical composition of metallurgical slag (additives to sorbent).
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Fe Al, 03 CaO Si0, MgO MnO P,0s

S Na,O K,0 Co Cr Pb %

31.40 14.12 6.87 42.56 0.36 0.72 0.35

0.16 0.71 1.45 0.01 0.10 0.004 98.814

significant changes in terms of the internal structure of the cellulosic.
We hypothesize that these structural changes are linked to the degree of
carbonization. Moreover, the atomic C/H ratio increases with increase
in the temperature of the pyrolysis. Thus, a higher value of the atomic
C/H ratio is more likely to occur in oxidized carbons and it demon-
strates that increase of the condensation degree of the nuclear part in
the process of oxidative decomposition. The pore volumes are sig-
nificantly increased with increase of temperature of carbonization re-
action (Table 2).

It is to be noted that the catalytic activation may also be promoted
by the addition of mineral additives, i.c., transition metals. Transition
metals are known to be effective catalysts for promoting the carboni-
zation reaction of cellulose, lignin and other wood components [9,10].
Moreover, the presence of transition metals also invokes the thermal
transformations such as cellulose effect, possibly by shifting the de-
composition processes towards a lower temperature region and in-
creasing the yield of carbon residue [11].

Furthermore, the amount of oxygen-containing functional groups on
surface of the activated pine waste has been determined by the Boehm
[12] method. The concentrations of acidic functional groups as a
function of temperature are listed in Table 3.

The burning of the carbon walls causing the separation of walls of
the pores from each other is most likely to happen at certain “critical”
temperature. This process is expected to increase the volume of pores
accordingly. The large number of pores on the surface of obtained
materials can serve as an excellent transport system, in which the
channels required for adsorbing material may move from the liquid
phase transfer to the internal pores, located at a great distance ffom the
surface of carbon materials. Reactions of depolymerization, decarbox-
ylation, decarbonylation with formation of low molecula# products of’
decomposition, also aromatization processes to form a'graphite layers
occurring in the temperature range from 150 to 800y°C, to form weight
products.

Thermal analysis of activated carbon sorbefitiis presented Fig. 1. The
weight loss of the cellulose can be describedsin,three steps. The first step
of the TG curve (green) is in the temperature range of 55-110 °C cor-
responds to the desorption process_of physically bounded water, fol-
lowed by the dehydration process that‘@ecutsipresumably in the tem-
perature range of 110-150 °C, finally resulting the decomposition of the
carbon mass at temperatures/greatenthan®00 °C. Analysis of DTA curve
(blue) of active carbons €arbonized at 600 °C showed that the thermal
destruction of the sorbemt, followed by two endothermic effects in
67-212 and 803-980“Cyrespectively are associated to the dehydration
and destruction of orgénigtmatter adsorbent processes.

Scanning Electrton Microscopy (SEM) characterization (Fig. 2) in-
dicates that the carbonized sorbent has discrete porous nature with
variable, wall thicknesses and pore sizes. This SEM data could be in-
terpreted to the morphological features of the material such as bulges in
the outer wall, the channel structure of macrospores, which are char-
acteristic of a surface structure of the carbonized pine waste.

To further evaluate the structural aspects of the sorbent, we carried
out Fourier-Transform Infrared spectroscopy (FT-IR) characterization.

Table 2
The common porosity of the sorbent.

Temperature (°C) 300 400 500 600

Porosity (%) 33.03 39.07 44.26 49.07

The FT-IR spectra (Fig. 3) of initial material and modified sorbent have
an intense broad absorption band assigned to valence wyibrations of
different OH functional groups with a maximum at ~ 3650 cm ™', Va-
lence vibrations of C—O—C groups of esters, ethers, phenols and alco-
hols can characterize the absorption bands at the 1850-1050 ¢cm ~ . The
absorption bands at the 1710 cm ™ ! were assigned to fluctuations vco of
carboxyl groups, intensities of which incfease with an inerease in
temperature. FT-IR analysis also suggests thatysorbent modified by or-
thophosphoric acid after carbonization in the presence of mineral ad-
ditives can be described as the hydrophobie, samples surface which
appears as absorption bands at the 630, 1350,7700, 1500, 1800, 3650,
3700 cm ™. This indicates the presence.of phosphate groups, carboxyl
groups, aromatic and aliphaticcids, esters on the surface (as reaction
centers).

On the basis of elemental composition, thermal analyses, micro-
scopy and spectros€epy) characterization, it can be reasonably con-
cluded from the obtained data“that the tested adsorbents are porous
sorbents, which have cation exchange properties. Total acidity mostly
determined bythe Boehm method is due to the presence of carboxyl
groups responsible for ion-exchange.

3.1. Adserption'of cation, anion and small molecules on active carbon
sorbents

The oxidation of the pine waste carbon surfaces by phosphoric acid,
followed by a thermal activation resulted in a sorbent that is expected
toshave ion-exchange properties. To evaluate the sorbent activity of
activated carbons, the sorbent material was treated with cations, anions
an@ small organic molecules. Adsorption isotherms for cations and or-
ganic molecules are presented in Figs. 4 and 5, and the adsorption
values for anion (iodine) is give in Table 4. The adsorption values
(mg g~ 1) have been calculated from the obtained experimental data of
adsorption of inorganic and organic toxicants from individual solutions
by active carbons:

— (Cinit - Crcs)V
m (2)

where Ci,; and C,. are initial and residual concentrations of toxic
compounds (or ions) in liquid (mg L™1, Vis volume of solution (L) and
m is mass of sorbent (g).

It is clear from Fig. 4, the adsorption value increases at increasing
the adsorptive concentration. The adsorption of isotherms has inflection
point. It can be assumed that in the system the poly molecular ad-
sorption occurs, it is probably, that adsorbed molecules are tending to
stay on the surface as ionic chains [13]. It is found that adsorption
ability of metal ions would increase if ion charge is increased from Ni
(ID) to Fe(III) ions.

Analysis of sorption isotherms by Hils classification leads to the
conclusion that the interaction between the adsorbed molecules is

A

Table 3
The acidic functional group concentration of surface.

Temperature, °C ~ Total acidic functional group, Carboxylic group,

mmol L™! mmol L™!
300 9.0 7.9
400 9.5 8.2
500 9.6 8.5
600 10.2 8.8
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Fig. 5. Adsorption isotherms of phenol (pH 7), chloroform (pH 9), pyridine (pH 4) and
aniline (pH 3) on sorbent at 25 °C.

Table 4
Todine adsorption results.

T, °C 300 400 500 600

X, % 27.34 35.56 63.57 90.17

small, and the activation energy does not depend on filling degree of
the sorbent surface. The degree of adsorption of small molecules on

500 1000 1500 2000 2500 3000 3500 4000 sorbent. was found tO. .be .Phen(.)l >. Cth.I'OfOI'In > pyridine .> amll.ne.

v, emr! According to the classification Hils, in this case, the adsorption of iso-

Fig. 3. FT-IR-spectra of initial pine wastes, 1 and modified sorbent carbonized at variable therms in Shal’?e corresponds to the Hl-type, Wh_ICh describes a erry
temperatures: 300 °, 400 °C, 500 °C and 600 °C depicted in 2, 3, 4, and 5 respectively. strong adsorption of adsorbate at low concentrations due to the high

affinity between adsorbate and adsorbate.

39



S. Amerkhanova et al.

The data presented in Table 4 shows that iodine sorption activity of
sorbent increases with temperature and equals to 90.17% at 600 °C.

4. Conclusions

The structure of the products obtained in the carbonization process
of pine wastes of modified H;PO, in the presence of metallurgical slag
additives after water processing has been investigated. It was shown
that porous material having iodine adsorption 90.17% has been formed
as a result. Also it is shown that these active carbons can be used as
sorbents in water purification from Fe(III), Co(II), Ni(II) ions and or-
ganic toxicants.
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