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ABSTRACT

Sorption isotherms from water solution onto immobilized humic acid have been determined
at 4, 14, 24, and 34°C for toluene, cyclohexane, o-xylene, benzyl alcohol, phenol, and
cyclohexanol. The experimental data were well described by the Freundlich sorption
equation. The higher values of K constant were obtained for the two aromatic hydrocarbon
compounds, toluene (924 mmol” ' L"kg ') and o-xylene (1,350 mmol” ' L"kg™"). The isosteric
sorption enthalpy (A;H) and the standard enthalpy were negative for all compounds
analyzed, and the absolute values of A;;H decreased with increasing sorbate loading.
Comparisons with data for a humic acid-zeolitic tuff adduct supports the conclusion that the
sorption properties of combined materials may not be the sum of the components, thus
strengthening the rationale for research of novel adducts.

Keywords: Water treatment; Zeolitic tuff; Calcium humate; Thermodynamic parameters;
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1. Introduction

The main sources of water contamination are
industrialization, civilization, and agricultural activi-
ties. Few hundred organic pollutants have been found
contaminating water resources. Adsorption is consid-
ered as the best wastewater treatment method due to
its universal nature, inexpensiveness, and ease of
operation. Adsorption has been used for the removal
of a variety of organic pollutants from various con-
taminated water sources [1,2]. Basically, adsorption is
the accumulation of a substance at a surface or inter-
face. In case of water treatment, the process occurs at
an interface between solid adsorbent and contami-
nated water. Different methods and protocols have
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been developed for water treatment by adsorption
using low-cost adsorbents [34].

Humic acid (HA) is a class of organic macromole-
cules with high structural complexity and multiple
reactivity properties, produced by biological decompo-
sition of dead organic matter and widespread in soils,
sediments, and water systems. HA consists of a skele-
ton of aromatic blocks and alkyl chains with a diver-
sity of functional groups, notably carboxyl, phenol,
hydroxyl, and quinone groups [5]. In operational
terms HA is defined as the fraction of humic sub-
stance soluble in alkaline and neutral solutions, and
insoluble in acidic solutions.

HA reversibly binds cations, prevalently by elec-
trostatic interaction with deprotonated carboxyl and
phenol groups, as well as non-ionic compounds
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including several common pollutants by means of
hydrogen bonds, dipole interactions, and hydrophobic
effects [6]. Because of these binding properties, HA
may affect the distribution of pollutants in soil and
water systems and is extensively investigated for
applications in water purification plants. The water
solubility of HA can be markedly reduced by heating
at high temperature, possibly due to a partial loss of
—COOH and -OH groups [7]. Heat-treated HA retains
the ability to adsorb cations [8] and organic pollutants
[9]. Recent work has revealed that the sorption of
hydrocarbon compounds onto a HA-zeolitic tuff
adduct is endothermic, whereas sorption of hydroxy
compounds is exothermic [10]. Consequently, a tem-
perature rise increases sorption efficiency (i.e. the
amount of sorbate bound per unit mass of sorbent at
the equilibrium) for hydroxyl compounds, but
decreases sorption efficiency for hydrocarbon com-
pounds. This property has potential application for
the development of more effective protocols of water
purification and sorbent recycling.

Here, we report a study of equilibrium sorption of
some non-ionic organic pollutants onto HA immobi-
lized by thermal treatment. A specific goal of this
study was to determine whether sorption onto heat-
immobilized HA displays a similar thermodynamics
as observed for a formerly investigated HA-zeolitic
tuff adduct [10] or diverges from this model in some
respect. Information on this topic is pivotal in research
of novel sorbing materials.

2. Experimental
2.1. Materials

HA was purchased from Sigma-Aldrich and
purified as previously reported [11]: dissolution at
basic pH, precipitation at acidic pH, and dialysis
against deionised water (nominal molecular cut-off
3,500 Da). Analytical-grade benzyl alcohol, toluene,
phenol, cyclohexanol, cyclohexane, and o-xylene were
purchased from Fluka (Germany).

2.2. Preparation of immobilized HA

A few milliliters of a 1.0molL™'CaCl, solution
were added to a 100mgL™' HA solution, pH 7.4
(obtained by Tris buffer) until complete precipitation
of humic substances as calcium humate (Ca-HA).
After one day, the precipitate was collected by centri-
fugation, rinsed with deionized water, dried at 40°C,
and finally kept in an oven at 330°C for 1.5h [7], thus
producing an insoluble form of the HA salt ImCaHA)
[7]. The material was characterized by IR spectra and

C, H, N determination at the Taibah University Micro-
analytical Center.

2.3. Adsorption experiments in batch

The selected compounds were dissolved in water
at different concentration levels ranging from 10 to
150mg L™, containing 1.0x 10> moldm™ TrisHCl/
Tris buffer, pH 6.0, and 1.0 x 102 moldm ™ KCl. For
cyclohexane, because of its lower solubility in water,
the higher concentration tested was 50mgL™"
Twenty-mL aliquots of each solution were mixed with
50mg of ImCaHA in glass containers with a butyl/
PTFE cap (of the type usually used for space head
analyses) and kept in a thermostat at 4, 14, 24, or 34°C
and periodically shaken. After seven days, an aliquot
of the solution was taken through the cap and ana-
lyzed by gas-chromatography. Analyses carried out
after longer times gave much the same results as after
seven-day incubation, hence this was adopted as the
protocol procedure.

2.4. Analytical procedures

The IR spectra were recorded in the range of
500-4,000 cm™ ' using pellets of 0.5mg of ImCaHA in
100mg KBr. Measurements were carried out on a
Perkin Elmer Spectrum GX (FT-IR System). The
amount of calcium was determined by heating 100 mg
of ImCaHA at 690°C for 3 h; the powder residue was
solubilized with a HNO3:HCI mixture (1:3) and ana-
lyzed by Dionex DX-120 ionic chromatography.

Free sorbate concentration in solution was deter-
mined by a Dani GC 1000 gas chromatographer
equipped with a split/splitless capillary inlet system
and a FID detector. Samples (1.0 uL) were injected in
the split mode with a split ratio of 1:20 and analyzed
on an ELITE 1 capillary column (60 m x0.32 mm
I.D., 5mm film thickness; Perkin Elmer, USA). The
GC-FID analysis was performed according to the fol-
lowing temperature program: inlet, T =200°C; detector
T=300°C; oven, 60°C (1 min), 8°C/min-280°C (2 min);

flow N, 2mL min ..

3. Results and discussion

Fig. 1 reports the IR spectra of calcium humate
before (CaHA) and after (ImCaHA) thermal treatment.

The two spectra are closely similar, both showing
typical features of HA. Notably, both materials dis-
played a broad absorption band in the spectral region
3,600-2,800 cm ™" (diagnostic for OH groups), several
IR bands near 1,700 cm™' (characteristic of carbonyl
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Fig. 1. IR spectra of Ca-HA (upper curve) and ImCaHA (lower curve).

groups), and bands at about 1,400 and 1,000cm™’

(indicative of CH3 and CH, groups and of aromatic
ethers) [12]. The elemental analysis of ImCaHA gave
71.30mgg ' Ca, and 45, 15, and 4% for C, H, and N,
respectively, hence being fully consistent with the ele-
mental composition of the HA used in this work [13].
The results indicate that the thermal treatment applied
caused no major alteration in the chemistry of the
material.
The sorption isotherms determined at four different
temperatures for each compound are reported in Fig. 2.
The curves in Fig. 2 were obtained by fitting the
experimental data with the Freundlich equation [14]:
1
g. = KC: M
where g, and C, are, respectively, the amount of sor-
bate adsorbed and the concentration in solution at the
equilibrium; K and n are parameters. The parameter
values obtained from the fitting procedure are
reported in Table 1 along with statistical parameters.
With few exceptions, the parameter n was above 1,
indicating that the sorption isotherms were of the
favorable type. As expected, because of the chemical

heterogeneity of the sorbates analyzed, no simple rela-
tion was found between the parameters K and log K.
The higher K values were obtained for the aromatic
hydrocarbons toluene and o-xylene, probably due to
m-staking interactions [15] between the aromatic ring
of these compounds and those present in the molecule
of HA. It is worth noting that the K value obtained
from the Freundlich equation is equal to the amount
sorbed onto the solid phase in equilibrium with a
solution of unitary concentration (in our experiments
Immol L™"). The K and 7 values recorded for toluene
at 24°C are consistent with values recorded by Iovino
[16] for the same molecule sorbed onto activated car-
bon (Filtrasob 400). Considering that our humic acid
adduct costs much less than activated carbon and
arguably has a lower environmental impact, it appears
to be by far a more convenient choice. Moreover, at
least for the compounds analyzed in the present
study, the sorption capacity of ImCaHA decreased
with temperature (Fig. 2), indicating that the sorption
process was exothermic.

The isosteric enthalpy of adsorption (H,y), that is
the enthalpy change for sorption at constant amount
of sorbed, is given by
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Fig. 2. Sorption isotherms for toluene, cyclohexane, cyclohexanol, benzyl alcohol, phenol, and o-xylene onto ImCaHA at
4°C (@), 14°C (A), 24°C (V¥), and 34°C (W).
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Table 1
Parameters of the Freundlich equation for sorption onto ImCaHA
Adsorbent Temperature (°C) K (mmol" ' L"kg ™) AK (x) n An () R?
Toluene (log K, =2.73) 4 924 49 1.8 0.3 0.955
14 805 40 1.7 0.3 0.957
24 702 27 1.2 0.1 0.973
34 352 17 0.85 0.1 0.965
o-Xylene (log K, =3.12) 4 1,350 50 1.2 0.1 0.988
14 1,000 30 1.1 0.1 0.993
24 849 20 0.81 0.04 0.993
34 663 19 0.81 0.06 0.984
Cyclohexanol (log K, = 3.15) 4 428 12 1.7 0.2 0.984
14 335 16 1.6 0.3 0.951
24 300 10 1.3 0.2 0.979
34 251 10 1.2 0.2 0.974
Cyclohexane (log K, = 3.44) 4 750 30 2.0 0.1 0.996
14 710 30 1.5 0.1 0.994
24 660 30 1.2 0.1 0.993
34 550 40 1.1 0.1 0.980
Phenol (log K, = 1.46) 4 275 3 1.7 0.1 0.997
14 219 4 2.2 0,2 0.977
24 189 4 2.0 0.2 0.982
34 133 3 1.4 0.1 0.985
Benzyl alcohol (log K, =1.81) 4 177 5 0.87 0.08 0.985
14 162 5 1.0 0.1 0.983
24 175 9 0.7 0.1 0.948
34 144 2 0.81 0.04 0.948
Cyclohexanol (log K, =3.15) 4 428 12 1.7 0.2 0.984
14 335 16 1.6 0.3 0.951
24 300 10 1.3 0.2 0.979
34 251 10 1.2 0.2 0.974
AiH was negative for all the compounds analyzed
>,dInC, . . .
Hiy = —RT>—— (2) and its absolute value decreased with sorption degree,

daT

where R and T, are, respectively the gas constant and
absolute temperature.

Integration of this equation, assuming that H;s
does not change over the temperature range analyzed,
gives:

Hiy 1
IgtT—i-Con

InC, = 3)

where Con is an integration constant.

Accordingly, plots of the logarithm of the equilib-
rium concentrations of sorbate in solution against 1/T
at constant amount of bound sorbate (Fig. 3) give the
isosteric enthalpies of sorption [17]. The values for the
sorption onto ImCaHA are reported in Table 2.

As expected from the temperature dependence of
sorption isotherms, the isosteric sorption enthalpy

thereby indicating that ImCaHA contains sorption
sites with different sorption energy. Table 3 reports
the change of the standard enthalpy (A,;H") for the
sorption process analyzed. The values have been
obtained by extrapolation [18] of A,H values at zero
sorption loading (plots not shown). A,;H® is one of
the thermodynamic parameters more widely used in
current literature to describe thermal properties of
sorption.

Negative values of A,;H" have been reported for
the sorption of phenol from water onto agro-based
carbons [19] and onto a hypercrosslinked polymeric
sorbent [20]. In contrast, positive A,;H° values have
been reported for phenol sorption onto surfactant-
modified bentonite- and kaolinite-rich clays, [21].
Apparently, the nature of the sorbing material has a
predominant role in determining the value of A,;H".
Positive values of A,4H" have also been reported for
the sorption of toluene, ethylbenzene, and xylene onto
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Fig. 3. Plots of logarithms of the equilibrium concentrations (C,) of toluene, cyclohexane, benzyl alcohol, cyclohexanol, phenol,
and o-xylene sorbed to ImCaHA for four constant amounts of bound sorbate (4.), against the reciprocal of temperature.
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Table 2

Values of isosteric enthalpies of sorption (A;:H) of toluene, cyclohexane, benzyl alcohol, cyclohexanol, phenol, and

o-xylene onto ImCaHA, at various degrees of sorption

Sorbate Sorption degree (mmol kg_l) AiseH (K mol™) R?
Toluene 100 —70+17 0.952
200 —54+14 0.953
300 —44+13 0.953
400 —38+11 0.951
500 -32+5 0.948
o-Xylene 100 —40+9 0.964
200 —32+7 0.974
300 —28+6 0.979
400 —25+5 0.982
500 —23+2 0.984
Cyclohexanol 50 —41+4 0.992
75 -36+3 0.993
100 —33+2 0.994
200 —24+2 0.986
300 -19+2 0.967
Phenol 25 —41+6 0.517
50 -36+3 0.635
75 -33+2 0.731
100 —31+1 0.811
200 —26+2 0.987
Cyclohexane 50 66 +28 0.959
75 —57+19 0.963
100 —51+14 0.966
200 —36+10 0.976
300 —27+2 0.985
Benzyl alcohol 25 -10+6 0.532
50 —7+3 0.680
75 —6+2 0.823
100 -5+1 0.911
200 —3+3 0.306
Table 3 adduct changes according to the presence/absence of

Standard enthalpy (A,sH®) for the sorption of organic
pollutants onto ImCaHA

Adsorbate AnasH® (K] mol™) R?

Toluene —88+3 0.997
o-Xylene —47 +1 0.997
Cyclohexanol —50+2 0.995
Phenol —45x1 0.994
Cyclohexane —79+3 0.995
Benzyl alcohol -12+0.5 0.994

montmorillonite modified with polyethylene glycol
[22]. At the best of our knowledge, no A,;H values
are available in the literature for the sorption of cyclo-
hexane, benzyl alcohol, and cyclohexanol. Remarkably,
the sign of AiH for sorption onto a HA-zeolitic tuff

hydroxyl groups in the sorbate [23]. In combination
with the results of the present study, this indicates
that the sorption properties of the HA-zeolitic tuff
adduct are not the sum of its components.

4. Conclusion

In the immobilized form obtained by controlled
heating, the HA resulted to be a good sorbent for
organic pollutants. The sorbitivity of HA immobilized
decreased with increasing sorbate loading and increas-
ing temperature for all compounds tested. In line with
qualitative temperature dependence, A,4H was always
negative and independent of the water-octanol partition
coefficient of the sorbate. The divergence between the
AqqsH values recorded in the present studies and those
recorded for the sorption of the same compounds onto
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a HA-zeolitic tuff adduct suggests that the thermody-
namic properties of sorbing materials are prone to
significant change depending on the nature of the mate-
rials combined and the type of treatment applied. This
is a strong rationale for the development of more effec-
tive and manageable adducts.
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