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Removal of mercury from contaminated water by activated carbon produced from
waste coal and biomass materials
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Adsorption of mercury ions on activated carbons - oxidized and non-oxidized - prepared by hydro-carbonization
from mixture of coal tar pitch and furfural, was investigated. The structure and surface properties of the samples were
characterized by N, adsorption, IR spectroscopy and surface oxygen groups determination. The activated carbon,
obtained from a mixture of furfural and coal tar pitch, and oxidized cabon demonstrate high adsorption ability towards
mercury ions (149 and 136 mg/g, respectively). The relative part of the surface occupied by mercury ions is higher for
the oxidized carbon. It was found that Hg (I1) uptake increases with increasing pH.
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INTRODUCTION

The rapid urbanization and the extensive
development of agriculture and tourism during the
last decades have intensified the wuse of
underground and surface waters. So there appears
the issue of water contamination. The strive for
alignment to standard legislation norms requires
development of efficient methods for purification
of waste and potable waters. Water pollution is a
big problem for the modern world and it inflicted a
lot of investigations, dedicated to protection of
environment and living organisms. Metals such as
Hg, Cd, Ni, As, Pb, etc. are highly toxic and
carcinogenic, they have irreversible harmful, even
lethal effect on human physiology and other
biological systems. In order to ensure consistent
protection of surface waters, the European
Parliament and the Council of the European Union
have announced Directives on the Environmental
Quality Standards in the field of water policy. The
European Environmental Agency (EEA) has
included different heavy metal ions in the List of
Priority Pollutants to be monitored in industrial
effluents [1].

Mercury is generally considered to be one of the
most toxic metals found in the environment. The
major sources of mercury pollution in the aquatic
environment are industries such as chloralkali, pulp
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paper, paint industry, rubber processing, oil
refining, electrical power and fertilizer productions
[2,3]. Numerous methods are available for removal
of mercury, including membrane separation [4,5],
chemical precipitation [6,7], coagulation [8],
photodegradation [9], reverse osmosis [10],
biodegradation [11-13]. These methods are
associated, however, with high operational costs
and incomplete removal, and they require large
amounts of energy and chemicals.

Adsorption is a suitable purification process, but
the high price of commercial activated carbon
decreases the economical efficiency of pollutant
removal. Therefore it is very important to find new
effective adsorbents. Nowadays the researchers are
focused on the preparation of low-cost activated
carbons from different waste materials for the
treatment of drinking and waste waters. Activated
carbons can be produced from a large variety of
precursors - bituminous coal, wood, peat, petroleum
pitch, polymer and biomass [14-16]. Preparation of
activated carbons from waste materials and
industrial by-products, like coal tar pitch and
furfural (contained in waste products from
treatment of biomass), reveals a possibility for their
appropriate utilization.

This work presents the results from the
investigation of the adsorption activity of activated
carbon, obtained from coal by-product (coal tar
pitch) and furfural (waste material from pyrolysis
of biomass), towards Hg (1) ions.
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EXPERIMENTAL

A mixture of coal tar pitch and furfural (45:55
wt.%) was treated with concentrated H,SO,4 added
dropwise under continuous stirring at 120 °C until
solidification. The obtained solid product was
heated at 600 °C in a covered silica crucible at a
heating rate of 10 °C min? in nitrogen atmosphere.
The carbonized solid product was further submitted
to steam activation at 800°C for 1 h (carbon A).

The synthesized material was oxidized in order
to incorporate more oxygen functionalities. For this
purpose, carbon A sample was oxidized with
HNOs. The oxidation treatment with HNOs; was
performed according to the following procedure:
about 10 g of the sample was treated with 100 cm?3
10% HNOs and boiled for 1 h. After that the sample
was washed with distilled water, dried at 105°C and
kept in a desiccator until use. The oxidized carbon
was labeled as carbon B.

The nanotexture of the synthesized carbon
materials was characterized by N adsorption at -
196°C, carried out in an automatic volumetric
apparatus (ASAP 2010 from Micromeritics).
Before the experiments, the samples were
outgassed under vacuum at 300°C for overnight.
The isotherms were used to calculate specific
surface area Sger, total pore volume V', micropore
volume W,. The samples were further characterized
by elemental analysis and Boehm titration to
determine the amount of oxygen, incorporated after
oxidation treatment, and the nature of the appeared
surface functionalities. FTIR experiments were
performed on a spectrometer IFS 113V using KBr
pellets.

The pH of the carbons was measured according
to the following procedure: 4.0 g of carbon was
weighed into a 250 cm® beaker, and 100 cm® of

Table 1. Chemical composition of the samples (wt.%).

water was added. The beaker was covered with a
watch glass, and the mixture was boiled for 5 min.
The suspension was set aside, and the supernatant
liqguid was poured off at 60°C. The decanted
portion was cooled down to ambient temperature
and pH was measured to the nearest 0.1 pH unit.

Batch adsorption studies were carried out with
10 mg of adsorbent and 50 cm?® of Hg (II) solution
with the desired concentration at pH 5.5 in 100 cm?®
conical flasks. The amount of Hg (Il) in the final
volume of 25 cm® was  determined
spectrophotometrically on a Pfaro 300 UV-Vis
spectrometer. Rhodamine 6G and potassium iodide
were used to obtain a pink-colored solution in the
presence of Hg (II). The reaction occurs
immediately in the pH range 1-7, when the system
is stabilized with gelatin. The absorbance at 575 nm
remains unchanged for at least 24 h. The pH values
are adjusted with dilute solutions of hydrochloric
acid.

RESULTS AND DISCUSSION

Characterization of carbon adsorbents from coal
tar pitch and furfural

Furfural resin is a suitable oxygen-containing
raw material for the production of carbon
adsorbents with insignificant ash and sulphur
content. There are many sources of furfural,
because most agricultural wastes contain sufficient
quantities of pentosans allowing industrial
exploration by a well-established technique. The
elemental analysis of coal tar pitch shows that the
amount of oxygen containing structures is not high,
whereas the high C/H ratio indicates the presence
of a considerable amount of aromatic species in the
pitch (Table 1).

Ash C N S O CH
Coal tar pitch - 90.90 4.95 0.90 0.50 2.75 1.53
Carbon A 0.8 90.81 0.82 0.75 0.51 7.11 9.23
Carbon B 15 86.77 1.02 1.30 0.56 10.35 7.09

Table 2. Quantification and identification of the oxygen surface groups [meq g].

Carboxylic  Lactonic Phenolic  Carbonyl  Basic groups pH
Carbon A BDL BDL 0.210 1.356 0.78 8.1
Carbon B 0.109 0.239 0.456 1.767 0.330 3.7

BDL — below detection limits
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The content of surface oxygen-containing
functional groups in carbon has a significant effect
on metal ion adsorption on carbon. The results from
Boehm titration of surface groups (Table 2) show
that carbon A and carbon B are characterized with
the presence of different oxygen-containing surface
functionalities. The presence of surface oxygen
groups is also confirmed by IR spectroscopy (Fig.
1). The band at 1704 cm™ could be related to the
stretching of C=0 in aliphatic aldehydes, ketones
and carboxyls. The bands around 1600 cm™ cannot
be unequivocally interpreted. They could be due to:
i) aromatic ring stretching couples to highly
conjugated carbonyl groups (C=0); ii) stretch
vibrations of C=C bonds in aromatic structures; iii)
OH groups. The bands in the region of 1360-1150
cm?® are due to C=0 in complex ethers and ring
structures. [17-19].

absorbance, a.u.

2000 ‘ 15100 ' 1 OIDO ) 5(110
wavenumber
Fig. 1. IR spectra of the samples (A — Carbon A; B —
Carbon B).

We have observed that the furfural content has a
strong effect on the porosity of the resulting
carbons. Lower proportions of furfural leads to
synthesis of activated carbons with a narrow
microporosity. With rising the furfural content this
microporosity is gradually opened in favor of
appearance of large micropores and mesopores.
Carbon A was prepared with a moderate proportion
of furfural in the precursor mixture (45 wt.%), and
as a result it is characterized by a moderate BET
surface area and well developed microporosity
(Table 3 and Figure 2).

Table 3. Surface characteristics of the samples.

S BET Vtot* Vmicro**- Vmeso**
Sample m?lg  cmilg cm®/g cmi/g
Cafon 678 0316  0.216 0.030
Cag’on 487 0217  0.113 0.010

* evaluated at p/po~0.99
** gvaluated from DFT applied to N2 adsorption data

The nitrogen adsorption/desorption isotherms of
the carbon samples are shown in Fig.2. It can be
seen that the adsorption isotherms are of type I,
indicating a microporous material. These porous
features should be ideally adapted for the removal
of aromatics from aqueous phase. Oxidation
brought about a slight decrease in the porous
features of the carbon (likely due to the boiling step
during oxidation), although the fall in the
micropore volume accounts for only 16 %.
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Fig. 2. N2 adsorption isotherms at -196 °C of the
samples (A-Carbon A; B-Carbon B).

Adsorption measurements

The equilibrium adsorption isotherms of Hg (1)
on activated carbons are presented on Fig. 3. The
adsorption isotherms belong to the L(2)-type
according to the Giles classification [20, 21]
showing a steep initial rise and a concave curvature
at low equilibrium concentrations, followed by a
plateau, i.e. saturation limit. L-type isotherms
reflect adsorption at higher contaminant
concentrations, corresponding to the completion of
a monolayer in the experimental range.

The adsorption capacity, Q,, was calculated
from the linearized Langmuir plot [22]:

Celde = 1/Qob + Ce/Qo (1),

where C. is the equilibrium concentration (mg/L);
e is the amount of Hg (I1) adsorbed at equilibrium
(mg/g) and Q, and b are the characteristic Langmuir
parameters related to the maximum adsorption
capacity and intensity of adsorption, respectively.
The model is frequently used for adsorption from
dilute solutions. The value Q, gives the saturation
limit for adsorption from solution and b can be
considered as a measure of the adsorption energy
[22]. The Q. values determined for synthetic
(carbon A) and oxidized activated carbon (carbon
B) are 149 and 136 mg/g, respectively (Table 4).
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Fig. 3. Adsorption isotherms of Hg (Il) ions on the
different activated carbons. Conditions: C, 10-40
mg/dm?3; pH =5.5; © 60 min; carbon amount, 10 mg/50
cm®,

Table 4. Data for mercury ion adsorption obtained
from the Langmuir plot.

Qo B Sm? Sm?/Stot
Sample mg/g L/mg m?/g %
Carbon A 149 1.17 20.64 3.04

Carbon B 136 1.39 20.64 4.24

Some theoretical parameters in the Langmuir
equation were calculated from the experimental
data and are presented in Table 4. The surface area
Sm covered by Hg (Il) ions was calculated on the
basis of the Goldschmidt ionic radius, which is
0.112 nm [23]. Metal ions with amphoteric
character are adsorbed to a considerably greater
degree by activated carbons via alkaline reaction.
The increased porosity and specific surface area
after activation with water vapor leads to increased
uptake of mercury ions. The water steam-activated
carbon adsorbs Hg ions to a lower extent than the
oxidized carbon, due to the fact that part of the
surface of the former is inaccessible to mercury
ions.

The investigation of the effect of pH on the
adsorption activity of different carbons is very
important. In the case of mercury (Il) solutions,
most of the mercury exists in the form of
complexes, which can be positive, neutral or
negative, depending on the composition and pH.
Appropriate amounts of hydrochloric acid and
sodium hydroxide were added in order to obtain
solutions with different pH values. The adsorption
capacities of the carbon were studied at different
pH values and a maximum was established near pH
6.0 for all samples. The metal uptake increases in
the range of pH values from 2 to 5.5, and stays
constant above pH 6 for all carbons. The effect of
the pH on mercury ion adsorption for the studied
samples is illustrated in Fig. 4 (for initial
concentration of 40 mg/dmd).

Bearing in mind that activated carbon A has
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higher pore volume and total surface area than
carbon B, it is evident that the removal efficiency is
not directly related to these values. Most probably
removal efficiency could be related to differences
in the pore size distribution and the surface
chemistry of the carbons.
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Fig. 4. Influence of pH on the adsorption equilibrium
of mercury (Il) ions on carbon A and carbon B.
Conditions: T, 60 min, carbon concentration, 10 mg/dm?,

It can be shown by stability constant
calculations that, in the presence of CI, the
predominant form at pH > 4.0 is Hg(OH). , and at
pH < 4, the predominant form is HgCl, [24]. The
dominant form in the range of highest sorption
efficiency is Hg(OH).. When the pH drops, various
chloride species, especially HgClx(aq), appear,
however they are poorly adsorbed. It was assumed
that, in addition to the different oxygen-containing
groups, CxSOsH groups are present on the carbon
surface as a result of effect of H,SO4 in the process
of activated carbon preparation.

We suggest that following complexes could be
formed:

2C,OH + Hg* — (CO)Hg* +2H*

2CO0H + Hg?*— (CxCOO) Hg** +2H*

2CS0O3H  + Hg?*—( C«SO3)Hg?* + 2H*

CONCLUSIONS

Activated carbons with good adsorptive
properties were synthesized from biomass and coal
waste materials, and were applied for removal of
mercury ions from aqueous solutions. The obtained
activated carbons exhibited very good ability to
adsorb mercury ions from aqueous solution,
oxidized carbon (136 mg/g) having lower
adsorption capacity than the non-oxidized sample
(149 mg/g). The relative part of the surface
occupied by mercury ions is greater for the
oxidized activated carbon. Stable chemical bonds
(chemisorption) are formed between Hg (Il) ions
and oxygen-containing groups present on the
carbon surface.
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[NPEYNCTBAHE HA OTITA/IHU BOJAU OT XXUBAK ITOCPEACTBOM AKTUBEH BBIJIEH,
[TOJIYUEH OT OTIIAJHM CYPOBHUHMU OT BBIJIMIIA 1 BUOMACA

U. T. Croituesa'*, b. H. Iletposal, B. I'. Liuanapcku!, T. K. Byaunosa®, H. B. Iletpos?, b. Haren?, V.
[llenyra?, C. Iymw?, C. Yaiikoscka?, b. Tpxebuixka?

Ylab. Xumus na mevpoume zopusa, Mncmumym no opeanuuna xumus ¢ Llenmwp no pumoxumus, Bvneapcxka Axademus
na Hayxume, yn. Akao. I'. Bonues, 61.9,1113 Cogus, Bvaeapus
2[Jenmwp 30 nonumepnu u 6v21epoonu mamepuaiu kom Ioackama Axademus na Hayxume, yr. Mapus Cxrodoecka-
Krwopu 34,41-819 3aboice, [lonua

Tlocrprmna Ha 12 nexemspu, 2014 ., kopurupana Ha .26 ¢pespyapu, 2016 r.

(Pestome)

UscnenBana 6e aacopOUuMsITa HA )KUBAYHU HOHHM BHPXY OKHCIICHH U HEOKHCIICHHU MPOOH aKTUBEH BBIJICH, MOJYYCHU
4Ype3 XUAPO-MUPOIIH3 OT CMEC OT KaMeHOBbINIeH mek u (ypdypon. CTpykTypaTa M MOBBPXHOCTHHUTE CBOWCTBA Ha
npobute Osixa XapakTepu3upaHu upes a3otHa ¢usucopbims, Y cnekrpockomnus U O¢ ompeeieHa KOHIICHTPALUITA Ha
MOBBPXHOCTHUTE KUCIOPOJHU IPYMH. AKTHBHUSIT BBIVICH, TOJNYYSHHU OT CMEC OT KaMEHOBBIUICH nek u Gpypdypon, u
OKHCJICHHST BBIJICH JIEMOHCTPHPAT BUCOKA aJCOPOIHMOHHA CHOCOOHOCT CHPSIMO JKMBauHHUTE HOHM (ChOTBETHO 149 u
136 wmr/r). YacTra OT MOBBPXHOCTTA, 3a€Ta OT JKMBAYHW HOHU € IMO-BUCOKA 3a OKHCIICHHS BBIVICH, B CPAaBHCHHUE C
Heokucienus. be ycranoseno, ye orcrpanssaneto Ha Hg (1) ce yBenuuasa ¢ yBenuuaBane Ha pH Ha pasTBopa.
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