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ABSTRACT

Phenol and its derivatives (chlorophenol, nitrophenol, methylphenol, cresol etc.) belong to highly toxic contami-
nants, and their occurrence in industrial and municipal sewage as well as in groundwater carries a high threat to
the environment and human health. Elimination of such contaminants is one of the major challenges in solving the
global environmental problems. Implementation of pro-ecological methods of water treatment is associated with
the use of natural, cheap and unprocessed materials, with the possibility of their repeated use. The article presents
the results of the studies on the use of powdery adsorbents for the removal of phenol from aqueous solutions. The
following natural minerals were used: attapulgite — Abso’net Superior Special (ASS) and alganite — Abso’net
Multisorb (AM). Tests were performed under non-flowing conditions, in series, depending on the type and dose of
adsorbents. Tests were conducted on a model solution of phenol with the initial concentration of C; = 20 mg /dm’,
at the temp. of 20° C. Alganite mineral (AM) proved to be effective in adsorption of phenol. Maximum adsorption
capacity P=0.21 g/g, was obtained for a dose 10 mg/dm?. Almost complete removal of phenol (99.9%) was ob-
tained for a dose of 500 mg/dm®. For natural attapulgite — Abso’net Superior Special (ASS) the maximum adsorp-
tion capacity (at a dose 5 mg/dm?) amounted to P = 0.15 g/g. The efficiency of phenol removal at the level 99%

was obtained at a dose of 1000 mg/dm?).
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INTRODUCTION

The presence of phenol in the aquatic envi-
ronment may cause a decrease in the quality of
water, as well as lead to the death of aquatic or-
ganisms. Almost all phenols are toxic, and some
of them are carcinogenic to humans. If its concen-
tration exceeds the value of 5.6 g/m* it disrupts
the water self-purification processes. In contrast,
at the concentrations above 30 g/m?, it completely
inhibited photosynthesis [Al-Khalid et al. 2012,
Bazrafshan et al. 2013].

The presence of phenols in ecosystems is
associated with the production and degradation
of many pesticides, as well as the production of
industrial and municipal sewage. Large quanti-
ties (up to several g/m?) are found in wastewater
from various industries, mainly coking plants, gas
plants, plastic mills, synthetic fibres, gasification
plants for solid fuels, processing of crude oil, pro-
duction of dyes, plant protection chemicals, and
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pharmaceutical plants. Phenols are also found
in the wastewater from other industrial plants in
which phenol is used as a raw material [Ahmaruz-
zaman 2007, Michatowicz et al. 2007].

Phenol is biodegradable in an aqueous envi-
ronment; however, only when it is absent in the
concentrations toxic to microorganisms [Indu Nair
et. al. 2008]. Therefore, it is necessary to develop
effective and time-saving methods for removing
phenols from wastewater. Photocatalytic oxidation
can be used to remove phenols from aqueous so-
lutions and adsorption [Alam et al. 2014, Bielec-
ka-Daszkiewicz 2008]. Various materials such as
activated carbon, natural minerals, synthetic poly-
mers and waste materials are used as absorbents
[Dabrowski et al. 2005]. Research was also car-
ried out to assess the effectiveness of cheaper ad-
sorbents, such as peat, fly ash, bentonite and other
materials for which high phenol removal efficiency
was obtained. An additional advantage of adsorp-
tion is the ability to burn and reuse the adsorbent
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[Bizerea Spiridon et al. 2013, Kaleta 2005, Puszk-
arewicz 2010, Viraraghavan et al. 1998].

This article focuses on determining the ef-
fectiveness of phenol removal using natural ad-
sorbents: attapulgite — Abso’net Superior Special
(ASS) and alganite — Abso’net Multisorb (AM).

MATERIALS AND METHODS

Materials

The subject of the research was a model aque-
ous solution of phenol (C,H,OH). It was prepared
on the basis of distilled water, to which phenol
compounds were added. The initial concentration
of phenol in water was C; = 20 mg/dm’.

In laboratory tests, dusty fractions of the fol-
lowing raw materials were used as adsorbents:

e mineral Abso’Net Superior Special (ASS),
e mineral Abso’net Multisorb (AM),

Characteristics of Abso’Net Superior Spe-
cial (ASS) adsorption material — catholytic
card — Horpol:

e bulk density — 500 g/dm?

e produced from finely ground mineral called
attapulgite, during the activation process at
high temperature,

e it is a natural product (it does not contain any
chemical additives, it is not modified),

e it is not harmful to people and animals,

e it is resistant to abrasion when subjected to
mechanical action,

e after absorbing the fluid it does not decompose,

e has NIH approval.

Attapulgite is a filbrillar silicate with the
chemical formula of Mg [Al]Si O, (OH,),, show-
ing a relatively large sorption capacity oscillating
in the range of 0.15 — 0.30 mval/g. Like zeolites,
it is characterized by features of molecular sieve
[Rybinski et. al. 2013].

Characteristics of the Abso’net Multi-
sorb adsorp-tion material (AM) — catholytic
card — Horpol:

e made of finely ground mineral called Alganite,

e bulk density — 500 g/dm?

e it is resistant to abrasion when subjected to
mechanical action,

e after absorbing the fluid it does not decompose,

e designed to remove all types of leaks, from in-
dustrial fluids, aqueous suspensions, through

hydrocarbons (oil, gasoline, oils), organic sol-
vents, to alkaline compounds;
e has NIH approval.

Alganite is made of oiled mineral slates after
their deoiling in the process (extraction), result-
ing in a porous, absorbent, reticular fabric mate-
rial. It is one of the few materials the production
of which is ecological and does not increase the
emission of carbon dioxide. During production,
more energy is gained than it consumes.

Alganite is a hydrophobic product, resistant
to bacterial colonization according to the cata-
logue card [MKM Holdings LTD group 2014].

Method of conducting research

The adsorption process was carried out us-
ing an adsorbent dried at 105°C. The phenol con-
tent was determined indirectly by indicating the
organic carbon content with the GE Analytical
Instruments TEST Sievers InnovOx laboratory
analyser. The tests were carried out under static
(non-flow) conditions. They were made in series
depending on the dose of the dusty adsorbent.

Laboratory tests were carried out in two
stages:

Stage I —tests to determine the initial conditions
for the adsorption process — the effect of pH and
process kinetics

Stage II — determination of the effect of the
adsorbent dose on the effectiveness of adsorp-
tion and determination of Freundlich adsorption
isotherms.

Effect of pH on the adsorption process

The tests were performed for pH: 2, 3,4, 5, 6,
7, 8,9, 10, 11, 12, 13And involved adding 12.5
mg of adsorbent to 250 ml adsorptive , shaking
for 0.5 h and after sedimentation (24h), the phe-
nol in solutionwas determined.

Effect of contact time on the adsorption pro-
cess under static conditions (adsorption kinetics)

The effect of the contact time on the adsorp-
tion process was determined at a sorbent dose of
50 mg/dm?. The initial concentration of phenol in
the water tested was C, =20 mg/dm’, pH = 7. Five
adsorbent weights were poured into five conical
flasks, containing 250 ¢m?® each. Then, each flask
was shaken successively for 0.5; 1.0; 1.5;2.0; 2.5;
3.0;3,5;4.0,4.5, 5.0, hours and left for 24 hours of
sedimentation. After this time, the samples were
filtered and phenol determinations were made.
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Adsorption of phenol (adsorption capacity)
was determined from the equation:

gr = 20 (g (1)

where: V- volume of adsorptive (dm?)
C, and C- initial and equilibrium (final)
concentration of phenol (g/m?),
m — mass of adsorbent (g)

Effect of adsorbent dose on adsorption
efficiency

Effect of adsorbent dose on adsorption effi-
ciency of phenol was conducted at pH = 7, con-
tact time 3.5 h, for the doses of AM and ASS from
1 — 1000 mg/dm?.

Adsorption isotherms

The separation of the adsorbate between the
solution and the adsorbent at steady state was
described by Freundlich adsorption isotherms,
which represent the relationship between the
amount of adsorbed substance and the equilib-
rium concentration.

In exponential form, the equation has the fol-
lowing form:

y/m=K-C'" )

where: y/m — adsorption capacity,
K — constant isotherm,
n — constant isotherm,
C — equilibrium concentration

The tests were carried out in vessels with the
content of 0.5 dm’of adsorption, for the concen-
tration of phenol C | = 20 mg/dm’, at pH 7 and
for variable doses of tested adsorbents from

1 — 1000 mg/dm®. The content of the adsorb at
steady state q, after 3.5 hours of shaking and 24
hours of sedimentation for the tested carbons, was
calculated with formula (1).

RESULTS AND DISCUSSION

Effect of pH

The effect of the pH of the solution on phenol
adsorption is shown in Figure 1. The phenol par-
ticles showed much greater affinity for the adsor-
bents at a pH in the range of 1-4, with the phenol
adsorption efficiency for AM being higher than for
ASS and fluctuating in the range of 14-16%. This
can be explained by the fact that the pH of the solu-
tion may affect the adsorption process also due to
the change in the surface properties of the adsorbent.
For many solids, the potential-forming ions are H+
and OH- ions, from which it follows that the surface
potential can be influenced by changing the pH of
the solution in which the given solid is located, and
the adsorption proceeds with greater intensity when
the surface charge of the adsorbent and potential the
electric adsorbate are opposite. In the case of very
strong adsorption of potential-forming ions on the
surface of a solid (which may have occurred in the
tests carried out), it may happen that the charge of
the adsorption layer changes its sign. Therefore,
depending on the pH of the solution in which the
adsorbent is located, it will take up a positive or neg-
ative electric charge of the surface [Janusz 2000].
Very low removal of phenol for the AM and ASS
(1-3%) at high pH could be the result of competi-
tion between the OH- ions and dissociated phenol
anions [Liu et. al. 2010]. The effectiveness of phe-
nol adsorption for AM was higher than for ASS and
fluctuated in the range of 14-16%.

30
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Phenol remowal (%)
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Fig. 1. Effect of pH on the adsorption of phenol
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For the AM tested, the increase in the adsorp-
tion efficiency at the acid reaction was not signifi-
cant enough to introduce a correction of water pH
and despite visible differences for ASS, further
tests were carried out at pH = 7.

Adsorption kinetics

The process of phenol absorption consists of
several stages. The first stage is the transport of the
adsorbed particle from the solution’s bulk phase to
the adsorbent boundary layer, followed by external
diffusion (on the adsorbent surface), internal dif-
fusion in the adsorbent structure and the last stage
involves the reactions from the adsorbate to the
active site. The reaction in the active sites is the
fastest, but the adsorption kinetics limit the slow-
est processes. Under static (non-flow) conditions,
these phenomena are diffusion at the interface and
inside the pores of the adsorbent. Solutions diluted
at the adsorption rate are affected by the mixing and
shaking time. The concentration of phenol close to
the adsorption equilibrium (adopted as equilibri-
um) for ASS and AM was obtained after 3.5 hours.
The effectiveness of adsorption expressed as C/C,
is illustrated in Figure 2.

In order to describe the adsorption kinetics, two
kinetic models are used most often: the pseudo-
first-order (PFO) model defined by the Lagergren
equation and the secondary model — pseudo-sec-
ond-order (PSO) popularized by Ho et al. [1999].
The modelling process comes down to matching the
empirical results with these equations and choosing
the one that better correlates the data. Choosing the
right model will not explain the mechanisms con-
trolling the adsorption rate in the system, but it can
be helpful in determining the factors limiting the
process speed [Plazinski et al. 2011].
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The PFO equation, in a differential form, has
the following form:

dq(t
MO — k(e 9 @
where: tis the time,
q the amount of adsorbate bound by the
adsorbent (this amount may depend on
time),
q, corresponds to the value of ¢ in equi-
librium, i.e. g (1 — ©) =g, ;
k, is a constant, called the PFO constant.

During data analysis, the line form is more
commonly used:

In(g, — q(t)) =1Inqe — kqt 4)

The kinetic curves for the adsorbents tested,
made in function f(t) = log(qe — q(t)) are shown
in Figure 3. On the basis of simple equations de-
termined with the least squares method, the val-
ues of k, (1/h) speed constants and adsorption
capacities in equilibrium were calculated and
are given in Table 1.

The pseudo-second order equation (PSO) in a
differential form is as follows:

dq(t)

o = k2@ = q(0)? 5)

where: k2 1s a constant.

In order to correlate experimental data, the
linear representation using which the constant £,
and ¢, are most often relevant is:

t 1 t

G A ©

o 0,5 1 15 2

2,5 3 3,5 4 45 5

Shaking time t (h)

Fig. 2. Influence of adsorption time on the effectiveness of the removal of phenol
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The graphs for PSO were prepared in the
function f (t) = t/q(t) and are shown in Figure 4.
Rate constants k, (g/g-h) were calculated from
the inclination and displacement coefficients of
straight lines. All calculated k, rate constants and
adsorption capacities are shown in Table 1.

With regard to AM and ASS adsorbents, the
adsorption kinetics were approximately in line
with the PFO model, because the determination
coefficients were 0.885 and 0.881, respectively.
We can say that the model is weaker to match the
experimental values, which is also indicated by
large discrepancies (between calculated and ob-
tained in tests) in the adsorption capacity (several

times). Quicker adsorption was performed for AM
and the slowest for ASS, as evidenced by k, rate
constants of 1.540 and 0.720 1/h, respectively.

The presented dependences show that the ad-
sorption efficiency increased along with the con-
tact time of the water with the adsorbent, but its
speed (the highest in the first 30 minutes) dropped
sharply after 3 hours. The adsorption process was
much slower and its continuation did not signifi-
cantly affect the phenol removal efficiency. In
further studies (adsorption isotherms and dose
effect), due to slight changes in the adsorption ki-
netics, 3.5 hours was assumed as the mixing time
for all adsorbents.
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Fig. 3. The course of adsorption kinetics of phenol described pseudo first-order equation

Table 1. Rate constants for PFO and PSO of phenol adsorption on AM and ASS

Pseudo-first-order (PFO) Pseudo-second-order (PSO)
Adsorbent q, (9/9) ; 5 5
k, (h") q. (9/9) R k,(g/g-h) q, (9/9) R
AM 0.163 1.540 0.199 0.885 0.192 0.37 0.800
ASS 0.105 0.720 0.619 0.881 772 4.21 0.005
60
+AM
50 o
- - BWASS
L]
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Fig. 4. The course of adsorption kinetics of phenol described pseudo second-order equation
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Adsorption isotherms

The phenol adsorption isotherms for the adsor-
bents tested are shown in Figure 5. The determined
values of K in constants, together with the values
of the determination coefficients R? are presented
in Table 2. The course of isotherms (determined
under static conditions) indicates that the maxi-
mum adsorptive capacity for AM (at a dose of 10
mg/dm’) was q = 0.21 g/g. For ASS, the maximum
adsorption capacity was much lower and amount-
edtoq =0.15 g/g (at a dose of 5 mg/dm’). The K
values expressing the maximum adsorption on the
adsorbent surface are0.0862, and 0.0321 for AM
and ASS respectively.

The highest value of the correlation coefficient
observed for AM (0.9427) indicates a good adjust-
ment of the theoretical model to the experimental
isotherm. Slightly smaller fitting (but still good) of
experimental data to the model was demonstrated
by ASS (0.9214). The n-factor for the adsorbents
tested is greater than 1, which may mean that the

Table 2. Values of constants n and K of Freudlich

isotherms
Constants of isotherms Factor of
Adsorbent determination
n K R2
AM 3.77 0.0862 0.9427
ASS 2.16 0.0321 0.9214

surface concentration of the adsorbate increases
more slowly than its concentration in the solution.
In principle, no full saturation is achieved, because
there are always places with high adsorption en-
ergy on the surface. In the analyzed adsorbents,
the lowest factor n is for ASS, which may indicate
the possibility of reaching a higher saturation state
with the adsorbate than in the case of AM.

Effect of dose on adsorption

The phenol adsorption efficiency also de-
pended on the amount of adsorbent used. Figure 6
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Fig. 5. Adsorption isotherms of phenol onto adsorbent (AM, ASS), temp. 20° C
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Fig. 6. Effect of dose on the effectiveness of the removal of phenol
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depicts the effect of the adsorbent dose on the
percent removal of phenol from the solution. It
is clearly seen that the higher dose of adsorbent
gave better final efficiency of the process. The ef-
ficiency of phenol removal for ASS at the dose
of 1000 mg/dm? was 99%, yielding the equilib-
rium concentration C_= 0.28 mg/dm’. For AM at
a dose of 500 mg/dm?, the equilibrium concentra-
tion of phenol was C_ = 0.02 mg/dm’, which gave
99.9% adsorption efficiency.

CONCLUSIONS

1. The pH of the solution affected the adsorptive
capacity of the adsorbents tested. The phenol
particles showed much greater affinity for the
adsorbents at a pH in the range of 1-4, with
the phenol adsorption efficiency for AM being
higher than for ASS.

2. The adsorption rate changed as a function of
the contact time (mixing) of the adsorbents
with the adsorbate and dropped sharply after
3 hours. With respect to the adsorbents AM
and ASS, the adsorption kinetics proceeded ac-
cording to the PFO (Pseudo-first-order) model,
and the determination coefficients were 0.885
and 0.881, respectively.

3. Adsorption of phenol for all tested adsorbents
was well-described with the Freudlich model.
The highest value of the correlation coefficient
was obtained for AM (0.9427).

4. Analysis pertaining to the effect of the adsor-
bents dose showed that the adsorption efficiency
in phenol removal clearly increased along with
the dose of the adsorbent. For AM at a dose of
500 mg/dm?, 99.9% efficiency was obtained.

5. In the light of the conducted research, the min-
eral adsorbent AM effectively removed phenol
from water, which enables to use it in water
treatment systems. Studies have shown that a
natural adsorbent — Abso’net Multisorb (AM),
with granulation <0.1 mm, could be an alterna-
tive to activated carbons for effective pre-treat-
ment of phenol-containing solutions.
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