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Abstract: Interactions of C.I. Basic Blue 3 with potassium humate in aqueous systems were investi-
gated. Both the humic content and dye removal are of crucial significance in relation to water of a
desired quality. Dye retention experiments demonstrated that potassium humate is an exceptionally
efficient adsorbent. The effect of both the pH and temperature on the adsorption process was investi-
gated. The temperature proved to only slightly influence the extent of dye sorption; contrarily, under
mildly acidic conditions (pH = 4.0), the quantity of dye adsorbed was doubled on standing. At this
pH value, interactions between the positively charged dye and the dissociated carboxyl groups of
humic substances are encountered. This was also supported by the obedience of the experimental
data to the pseudo-second-order kinetic model. Three adsorption models, i.e., Langmuir, Freundlich
and BET, were fitted to the experimental data; the equilibrium adsorption conformed to the Lang-
muir and BET isotherm equations on the basis of electrostatic dye–humics interactions, while the
fitting of the Freundlich model referred to the heterogeneities of humic substances attributed to their
colloidal behavior. Thermodynamic quantities, i.e., enthalpy, entropy and free energy change in the
adsorption, were calculated. The low ∆Hθ

ads values verify the negligible effect of the temperature
on the adsorption; ∆Sθ

ads denotes a thermodynamically favorable reaction, and ∆Gθ
ads denotes a

spontaneous process.

Keywords: C.I. Basic Blue 3; humic substances; dye adsorption; isotherms; kinetics; Langmuir;
Freundlich; BET; irrigation water; soil acidity

1. Introduction

Oxazine cationic dyes contain a positive-charged chromophore in their molecule. C.I.
Basic Blue 3 (C.I. 51004), presented in Figure 1, is a chloride salt that may be used in the
coloration of paper and in the dyeing of polyacrylonitrile fibers. Based on the population
put at risk, the synthetic dye industry and dyeing processes are amongst the top ten sources
of pollution [1].

Humic substances (HS) are supramolecular associations of self-assembling heteroge-
neous and relatively small molecules—rather than coils of polymeric macromolecules—
held together by hydrophobic bonding [2], deriving from the degradation and decompo-
sition of dead biological material; they are natural organic polyelectrolytes formed from
the biochemical weathering of plant and animal remains [3]. These substances possess
surface sites available for the deprotonation and potential adsorption of cations. From
zeta potential measurements [4], a negative surface charge due to the existence of polar
functional groups (e.g., carboxylic) has been observed that can be involved in chemical
bonding with the pollutants adsorbed.

Humics interact with all classes of ecotoxicants including azo dyes [5]. A cationic
dye has been shown to interact with the anionic groups of HS through electrostatic forces
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of attraction [6]; a humic acid-immobilized amine-modified polyacrylamide/bentonite
composite (HA-Am-PAA-B) has been used as an adsorbent for the adsorption of cationic
dyes [7]; and humic acid (HA)-modified Fe3O4 nanoparticles (Fe3O4/HA) have been
developed for the removal of Rhodamine B from water [8].
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Dyes from effluents of dyestuff manufacturing industries and residual unfixed dyes
present in exhausted aqueous dyebaths may result in environmental pollution after their
discharge into the receiving waters. Contaminated wastewaters containing a basic dye
have been treated using teak sawdust as an adsorbent [9] to make the impure wastewater
reusable. Irrigation of plantations with dye-contaminated surface waters may present
problems for agriculture. Low concentrations of humic acid bound to cationic dyes can
promote dye photodegradation [10]. Thus, dye–HS associations lead to the removal of
the sorbed colorant from both the soil and water. This process appears to be a promising
remediation strategy as photolytic dye destruction may also occur. On the other hand,
humic substances may pose several practical problems in terms of the drinking water
production from surface waters and of the water treatment itself; therefore, new adsorption
mechanisms for effective removal of humic substances from water [11] remain the subject
of special research interest.

Although there is a large amount of published agronomic literature concerning dye
removal by adsorbents containing humic substances [12–14], very few studies are disclosed
in the literature regarding dye adsorption on the humics themselves. In this work, the
adsorption of C.I. Basic Blue 3 (BB 3) on potassium humate in an aqueous environment is
reported for the first time, and an attempt to establish a viable cost-effective alternative
route for water purification is presented.

2. Materials and Methods
2.1. Experimental

In a typical spectrum (Figure 2) of C.I. Basic Blue 3 (Chromatourgia Tripoleos S.A.,
Greece) shown as a plot of absorbance against the wavelength, λ, the dye exhibits a λmax at
654 nm and a secondary peak at 601 nm. From Figure 2, it is concluded that the dye displays
no metachromatic behavior at high concentrations, and no dye dimers are formed. A linear
calibration curve of slope 155.8 (R2 = 0.999) was prepared by plotting dye absorbance at
654 nm against ten known dye concentrations (from 2 × 10−3 to 2 × 10−2 g L−1), and BB
3 contents were determined from the straight line obtained. Visible spectra were acquired
using a Varian Cary 3E UV–Vis spectrophotometer.

Samples of refined potassium humate (Lemandou Chemicals Co., Ltd., Shijiazhuang,
China), with a high humic substance content of at least 85% by mass on a dry basis (humic
acid 70% or more, K2O 12% minimum, moisture 15% or less) and high water solubility
(99–100%), were used as received. Potassium humate, a brown to black-colored neutralized
product of insoluble—at pH 2.0 or less—humic acid and KOH, derived from leonardite,
aromatic in nature, alkaline and rich in carboxylic acid and phenolic groups, was used to
enhance both the properties and performance of soils (by an increase in the soil microbial
numbers), as well as the productivity of plants. Due to their amphiphilic character, humic
acids form micelle-like structures, useful in agriculture and pollution remediation [15–19].
The visible spectrum of potassium humate in aqueous solution is presented in Figure 3.
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In order to study the interactions between C.I. Basic Blue 3 and humic substances, two
8 × 10−2 g L−1 stock solutions of BB 3 and HS were prepared. For the adsorption experiments,
solutions consisting of varying mixtures of BB 3 and potassium humate were prepared with
a range of initial dye concentrations, Co, i.e., from 2 × 10−3 to 2 × 10−2 g L−1, produced
by mixing the above stock solutions. In all mixtures, the potassium humate concentration
was 2 × 10−2 g L−1. A 10 mL portion of each mixture was placed in a programmable
laboratory dyeing machine (Atlas Linitest plus) and treated for 3 h at a circulation rate of
30 min−1. Adsorption measurements were carried out at pH 4.0, 7.3 and 10.0; the effect of the
temperature on the HS–BB 3 interaction was tested at 287, 308, 323 and 353 K.

Adjustments of pH were made by incorporating 5 mL of the corresponding buffers
(pH values 4.0 and 10.0) into the mixtures. All pH values were measured with a Jenway
3310 pHmeter.

An HS–BB 3 complex was obtained as the colloidal precipitate from the dye and
potassium humate mixture (containing 2 × 10−2 g L−1 of each) by treatment at pH 4.0.
Where precipitates of the humic–dye complex were formed after the dyeing treatment, dyed
HS were separated from solution by centrifugation at 5000 min−1 for 30 min (employing a
Martin Christ Osterode/Harz apparatus), dried and used in the FTIR experiments.
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Fourier transform infrared (FTIR) spectra (average of 50 scans) were recorded on a
Shimadzu IR Affinity-1 spectrophotometer, Shimadzu Co., Kyoto, Japan, at a resolution of
4 cm−1. Pellets were obtained by mixing the samples with dry potassium bromide.

2.2. Dye Contents and Concentrations

The absorbance, A, of HS–BB 3 mixtures at 654 nm was attributed to both the HS–BB 3
complex and residual BB 3, and it can be analyzed according to the Beer–Lambert law [6].
For all cases, the absorbance of a dye–HS mixture is given by the relationship

A = εDbCD + εHSDbCHSD, (1)

where CD and CHSD are the dye concentration and the bound dye concentration, respec-
tively, b is the optical path length, and εD and εHSD are the molar extinction coefficients of
the dye and bound dye, respectively; εD was determined in a solution of BB 3 alone and
εHSD in the presence of potassium humate and low BB 3 concentrations to ensure that all
of the dye molecules exist in the form of an HS–BB 3 complex. If CoD is the total analytical
concentration of BB 3 (free and bound to HS) in the solution, then we have

CoD = CD + CHSD. (2)

The difference in absorbance, ∆A, at 654 nm between the absorbance, A, of an HS–BB
3 mixture and the absorbance, A0, of a BB 3 solution used as a blank (it contained the same
concentration of BB 3, CoD, as the mixture, but no potassium humate) is

∆A = A0 − A. (3)

It was assumed that the humic substances do not absorb at 654 nm (Figure 3); further-
more, A0 of BB 3 may be obtained using the Beer–Lambert law:

A0 = εDbCoD. (4)

By combining Equations (1)–(4), we obtain

∆A = εDbCD − εDbCD − εHSDbCHSD = εDbCHSD − εHSDbCHSD = (εD − εHSD)bCHSD. (5)

Equation (5) may also be written as

CHSD =
∆A

(εD − εHSD)b
. (6)

The adsorbed dye content at equilibrium, Qe, can be directly calculated from the
experimental data by Equation (7):

Qe =
CHSD,e

CoHS
, (7)

where CHSD,e is the concentration of BB 3 bound to HS at equilibrium, and CoHS represents
the total analytical concentration of potassium humate in solution (unbound and bound to
the dye). For a system in equilibrium, an equation analogous to Equation (6) must hold,
and Equation (7) then becomes

Qe =
∆Ae

(εD − εHSD)bCoHS
. (8)
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When an equilibrium has been reached, an equation of the type of Equation (2) should
also apply, the dye concentration in solution at equilibrium, CD,e, may be expressed in
terms of CoD and Equation (2) takes the form

CD,e = CoD − CHSD,e = CoD −
∆Ae

(εD − εHSD)b
. (9)

2.3. Adsorption Kinetics

Three models, i.e., pseudo-first-order, intraparticle diffusion and pseudo-second-order,
were applied to test the BB 3 and HS complexation reaction. The pseudo-first-order kinetics
of the Lagergren model [20] is well expressed by the following relation:

Q
Qe

= 1− e−k1t, (10)

where k1 is the rate constant, and Q, according to Equation (8), is the adsorbed dye content.
The intraparticle diffusion model describes a process where the adsorption rate is

diffusion-controlled and the equation

Q = Kt1/2 + C. (11)

is used to express the relation between Q and t, with both K and C being constants.
Finally, the pseudo-second-order rate model is represented by an equation of the form

t
Q

=
1

k2Q2
e
+

t
Qe

. (12)

where k2 is the pseudo-second-order rate constant.
In this model, the rate-determining step is surface adsorption due to chemisorption,

i.e., the sorbent–adsorbate physicochemical interactions involved [21].

2.4. Thermodynamics

Both the enthalpy change, ∆Hθ
ads, and the entropy change, ∆Sθ

ads, of the retention

process can be obtained from the van’t Hoff equation by plotting ln Qθ
e

Cθ
e

against 1/T from
the slope and the intercept, respectively, of the straight line

ln
Qθ

e
Cθ

e
=

∆Sθ
ads

R
−

∆Hθ
ads

RT
, (13)

where Qθ
e and Cθ

e are the adsorption capacity of the adsorbent and the equilibrium dye
concentration in solution, respectively, for a constant coverage fraction, θ. The Gibbs
change in the free energy of the adsorption, ∆Gθ

ads, is calculated by the relationship

∆Gθ
ads = ∆Hθ

ads − T∆Sθ
ads. (14)

2.5. Statistical Analysis

The IBM SPSS Statistics v. 24.000 software package was employed for processing the
experimental data. The statistical analysis included Pearson correlations and a paired t-test
at p < 0.05.

3. Results and Discussion
3.1. Spectrophotometry

The UV–Vis absorption spectrum of potassium humate is shown in Figure 3. The
spectroscopic features of Figure 3 are correlated with significant structural properties of HS.
The ratio of A250 (absorbance at 250 nm) to A365 (absorbance at 365 nm), i.e., E2/E3, has
been shown to be inversely proportional to both the molecular weight and aromaticity [22],
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and it was found to be relatively low (2.48). In our case, the A465 : A665 ratio (E4/E6) holds
a low value of 3.86, which may indicate HS fractions with relatively high molecular weights,
high C/O ratios and weak acidity [23]. The ratio of A254/A203, also spectrophotometrically
derived, was calculated as being 0.788. In fact, A254-to-A203 ratios exceeding 0.40 [24]
proved to be typical of aromatic rings substituted with hydroxyl, carbonyl, ester and
carboxylic acid groups. The ratio of A280 : A350 has been used to determine the width of
the electron transition absorption band for natural organic matter (NOM) fractions and has
also been associated with both the molecular weight and aromaticity; an A280-to-A350 ratio
of 1.89 comparable to that found by us, i.e., 1.86, has been assigned to sizeable HS with
a molecular weight of 4500 and correlated strongly with aromaticity [22]. The A265/A465
ratio has been related directly to the absorption index of C=O functional and aromatic C=C
groups, particularly in the case of high-molecular weight and aromaticity NOM fractions.
Humic substances bearing an A265-to-A465 ratio of 4.87 (quite similar to our value, 4.89)
have been correlated with sizeable and condensed HS fractions. A ratio of A254 to A436
equal to 4.31 was obtained, which is indicative of the HS origin, as values in the range
4–14 demonstrate terrestrial NOM fractions, whilst higher values, ranging from 25 to 40,
are characteristic of NOM fractions isolated from water. Generally, values similar to ours
relate HS to macromolecular, polycondensed moieties. Finally, regarding the ratio of A210 to
A254, the lowest values (about 1.6) reported in the literature [25] are for HS macromolecules
of high aromaticity, being fully compatible with the experimental value of 1.32 obtained
from the spectrum of HS (Figure 3).

The FTIR spectra of potassium humate, BB 3 and the HS–BB 3 complex are presented
in Figure 4. The 3100 to 3700 cm−1 envelope in Figure 4a is attributed to O–H stretching
(e.g., alcohols, phenols, carboxylic acid groups), and peaks at 2926 cm−1 are associated
with C–H stretching vibrations. The HS peaks at 1575–1625 and 1385 cm−1 (observable
in Figure 4a) are due to C–O asymmetric stretching in carboxyl groups [26], as well as
asymmetric and symmetric stretches of –COO– in salts of carboxylic acids. The peak at
1100 cm−1 is for the C–O stretch in alcohols and O–H deformation in carbohydrates [22].

In Figure 4c, regarding the BB 3 FTIR spectrum, peaks in the region 2870–2970 cm−1

are assigned to the –CH3 bending. The high-intensity peak at 1590 cm−1 accounts for C=N
stretching of the acceptor group on the benzene ring. The narrow, sharp peaks at 1267–1340
and 1000–1150 cm−1 are ascribed to the aryl C–N and alkyl C–N stretching vibrations,
respectively [27], while the 1165-cm−1 peak is due to the C–O–C asymmetric stretching.
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The HS and dye interaction is clearly depicted in Figure 4b. The complex formed
displays peaks corresponding to both C.I. Basic Blue 3 and potassium humate in the HS–BB
3 FTIR spectrum. Dye–humics complexation imparts significant changes in the spectrum
(Figure 4b) that involve the shift in the 1385 and 1575–1625 cm−1 peaks in Figure 4a, as
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well as a shift in the wavelength and a reduction in the intensity of the dye peak at around
1600 cm−1 (Figure 4c). Strong absorption bands attributed to both aryl and alkyl C–N
stretches in Figure 4c are decreased in intensity and shifted, which is also true for the peak
at 1165 cm−1, certain indications that N atoms (not attached to the oxazine ring) and O
atoms are the two most probable sites of dye–humics interaction. This is to be expected,
as these atoms in the resonance structures of the dye shown in Figure 1 can bear positive
charges and attach to the carboxyls that occur on humates.

3.2. Dye Adsorption

Figure 5 illustrates the HS concentration-dependent spectra of HS–BB 3 mixtures in
the presence of different HS loadings. From Figure 5, we assume that the dye absorbance
at 654 nm decreases with increasing concentration of potassium humate. In addition, two
isosbestic points are observed at 568 and 669 nm, both accounting for HS–BB 3 complexation.
Apart from the drop in absorbance at λmax (654 nm), the HS–BB 3 binding reaction induces
an increase in absorbances at wavelengths greater than 669 nm and lower than 568 nm, as
well as modifications in the shape of the absorption curve in the UV region. Changes in
the spectrum at wavelengths of 568 nm or less denote alterations in the dye conjugation
due to complexation [27]. It is also evident from Figure 3 (A = 0.04–0.06 at a concentration
of 20 mg L−1) that HS absorb only weakly within the range of 620 to 670 nm in which the
main absorption peak of the dye lies (Figures 2 and 5). The peaks at 261 and 297 nm shown
in Figure 5 are consistent with π→π* and n→π* transitions of both aromatic rings attached
to the oxazine group and to the secondary amines.

Agronomy 2021, 11, x FOR PEER REVIEW 8 of 15 
 

 

potassium humate concentration (2 × 10−2 g L−1); under these conditions, it can be assumed 

that all dye molecules interact with the HS. In all experiments, qualitative differences in 

the spectrum of C.I. Basic Blue 3 (Figure 6a) were observed, and a typical representative 

curve (solid line) shifted to higher wavelengths is presented in Figure 6b. 

200 300 400 500 600 700 800 900

0.0

1.0

2.0

3.0

4.0

A
b

s
o

rb
a
n

c
e

Wavelength (nm) 

20 mg L
–1

 

16 mg L
–1

 

12 mg L
–1

 

  8 mg L
–1

 

  4 mg L
–1

 

  0 

20 mg L
–1

 

16 mg L
–1

 

12 mg L
–1

 

  8 mg L
–1

 

  4 mg L
–1

 

  0 

 

Figure 5. UV–vis spectra of BB 3 (2.5 × 10−2 g L−1) in aqueous solutions with varying concentrations 

of potassium humate. 

The data in Figure 6 show that, due to solution complexation of BB 3 by humic sub-

stances, both peaks in the spectrum of the dye (dashed line), i.e., the primary peak at 654 

nm and the secondary peak at 601 nm, are shifted (dotted lines) towards longer wave-

lengths (675 and 616 nm, respectively) as a result of the formation of the new HS–BB 3 

species. Deconvolution of the spectra confirmed the primary peak positions of both the 

dye (653.5 nm) and complex (674.5 nm). It is of particular significance that the spectrum 

of Figure 6b cannot be obtained by the mixing of other curves, i.e., the summation of both 

the dye and potassium humate spectra. 

400 500 600 700 800

0.0

0.1

0.2

b

A
b

s
o

rb
a
n

c
e

Wavelength (nm)

a

 

Figure 6. Visible spectra of C.I. Basic Blue 3 at a dye loading of 1.2 10−3 g L−1 in the absence (a) and 

presence (b) of potassium humate. 

Figure 5. UV–vis spectra of BB 3 (2.5× 10−2 g L−1) in aqueous solutions with varying concentrations
of potassium humate.

In order to fully understand the nature of the HS–BB 3 interactions, spectra were
recorded using very low dye loadings (from 0.4 × 10−3 to 2 × 10−3 g L−1) with respect
to the potassium humate concentration (2 × 10−2 g L−1); under these conditions, it can
be assumed that all dye molecules interact with the HS. In all experiments, qualitative
differences in the spectrum of C.I. Basic Blue 3 (Figure 6a) were observed, and a typical
representative curve (solid line) shifted to higher wavelengths is presented in Figure 6b.

The data in Figure 6 show that, due to solution complexation of BB 3 by humic
substances, both peaks in the spectrum of the dye (dashed line), i.e., the primary peak
at 654 nm and the secondary peak at 601 nm, are shifted (dotted lines) towards longer
wavelengths (675 and 616 nm, respectively) as a result of the formation of the new HS–BB
3 species. Deconvolution of the spectra confirmed the primary peak positions of both the
dye (653.5 nm) and complex (674.5 nm). It is of particular significance that the spectrum of
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Figure 6b cannot be obtained by the mixing of other curves, i.e., the summation of both the
dye and potassium humate spectra.
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The adsorbed dye content at equilibrium, Qe, as a function of the dye concentration
in solution at equilibrium, CD,e, at pH values 4.0, 7.3 and 10.0, is plotted in Figure 7. All
treatments were undertaken at 287 K for a sufficiently prolonged time, i.e., 3 h, to result
in equilibrium BB 3 uptake. Adsorption onto HS occurs via a Langmuir-type isotherm,
favored in systems in which ionic substances are surface-adsorbed from water onto specific
adsorption sites in the substrate by strong intermolecular attraction, as in the case of
dyestuffs [28]. As the pH is raised, the absorbance tends to increase because at pH values
greater than 3 [6], the carboxyl groups dissociate, being responsible for facilitating the
dye–HS binding, while the phenolic groups still remain protonated. From Figure 7, it is
apparent that the maximum dye retention was achieved at pH 7.3, and that the experimental
adsorption capacity of the adsorbent decreased with the further increase in the pH as the
dye molecule loses its positive charge in alkaline solutions. It is clear that the pH affects
both the surface charge of the adsorbent and the speciation of the adsorbate, influencing
HS–dye interactions, as shown by the adsorption isotherms in Figure 7.
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Statistical calculations showed that all samples were normally distributed and had
homogeneous variances. As these assumptions are satisfied, the means were compared
using paired statistical t-tests. The results verify that, in all cases, there is a significant
positive difference between the retention values at all pH values.

Overall, it can be concluded that the dye cations interact with the negatively charged
moieties of HS, mainly carboxylic acid and the weaker acid (i.e., phenolic) groups, via
electrostatic forces of attraction. At neutral pH, almost all carboxyl groups are dissociated,
in contrast to phenolics, which dissociate only slightly. Therefore, the dye molecules bind to
the fully dissociated carboxyl sites (i.e., –COO–) on the humic matter at the pH in question.
Although it seems likely that the highest dye content was to be expected at pH 10.0 as all
acidic groups present in the substrate at this particular pH (including most of the phenolic
groups) ionize completely, this would not be valid in our case, largely due to the decreasing
cationic charge on the dye.

It is of considerable importance that, assuming that adsorption equilibrium is reached,
a slow further dye–humics association is allowed to proceed at pH 4.0 when HS–BB 3 mix-
tures are left for 8 and 15 d. Thus, an increase in the retention of the dye is observed, almost
a doubling of HS–BB 3 complexation, i.e., from 0.52 to 0.93 g dye/g potassium humate
(if the initial dye and potassium humate concentrations are both equal to 2 × 10−2 g L−1),
over the period of 15 d. It seems that the conformation of humic molecules changes,
opening the structure and allowing migration of the cations to specific strong, slowly
dissociating sites in the humic matter, a process taking place on a time scale of hours or
even days. On this basis, the longer the system is left standing, the more these strong sites
contribute to the observed behavior [29].

This experimental value of dye retention (0.93 g BB 3/g potassium humate) is one of
the highest reported in the literature [30–33] and definitely proves that potassium humate is
an exceptionally effective decolorizing agent. These findings supply sufficient reasoning for
attaching particular importance to the removal of both HS and dyes from waters that would
need to be cleaned up. Whilst the literature on the dye retention capacity of HS-containing
soil, peat and decomposition products is extensive [34–37], there are few articles in the soil
literature relating to the dye removal efficiency of humic substances themselves. In fact,
regarding natural non-polymeric adsorbents, humic substances have long been recognized
to be important for their chelating properties, for increasing nutrient availability to plants
and, also, for removing toxic pollutants in ecosystems.

Thus, a pH of 4.0 is the most favorable for water clean-up as dye adsorption is higher
and, also, the dye–HS complexes formed may precipitate on standing. This acidic pH is
advantageous in agriculture as, unlike macronutrients, micronutrients are more readily
available in acidic-environment soils. In addition, acidic waters may be used in irrigation to
control the acidity of alkaline soils for improving plant growth (potato, peanuts, cranberry,
sweet potato and most subsurface vegetables) at pH values ranging from 4.0 to 5.5. This
may constitute a future prospect for aqueous humics–dye systems.

The effect of the temperature on HS–BB 3 complexation was investigated at 308, 323
and 353 K. In strongly alkaline environments (pH = 10.0), the dye decomposed rapidly
at temperatures higher than 308 K, and even at pH 7.3, the dye gradually decomposed
at 353 K. The removal efficiency, i.e., the percentage of the initial dye retained by the
adsorbent at a given temperature, was calculated for several dye concentrations (Table 1).
These data demonstrate that the temperature increase had no significant effect on the dye
retention by potassium humate.
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Table 1. Retention of BB 3 by potassium humate (experimental error ±5%).

Adsorbent
Concentration

(g L−1)

pH
Dye

Concentration
(g L−1)

Dye Removal Efficiency
(%)

Dye Adsorption
(g Dye/g Adsorbent)

287 K 308 K 323 K 353 K 287 K 308 K 323 K 353 K

0.020 4.0 0.004 89.3 89.8 99.9 95.0 0.179 0.180 0.197 0.190
0.020 55.1 53.5 63.3 53.8 0.551 0.535 0.633 0.538

0.020 7.3 0.004 91.0 96.9 93.5 – 0.185 0.194 0.187 –
0.020 60.1 69.6 61.6 – 0.601 0.696 0.616 –

0.020 10.0 0.004 86.8 88.8 – – 0.173 0.178 – –
0.020 57.3 61.5 – – 0.573 0.615 – –
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3.3. Humics–Dye Reaction Kinetics

Figure 8 shows the linear plots of the three kinetic models employed for the 3 h dyeing
treatments at 323 K. Kinetic analysis of the HS–BB 3 binding reaction at pH values of 7.3
and 10.0 could not be performed owing to both the high velocity of complexation and—at
elevated temperatures—the considerable decomposition of the dye. Consequently, for
studying the kinetics of dye adsorption, a moderate temperature (323 K) was selected, and
the process was carried out at pH 4.0, where the reaction proceeded relatively slowly.
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Both the pseudo-first- and pseudo-second-order models nicely fit the experimental
data, but the highest correlation coefficient (R2 = 0.9997) was obtained for the pseudo-
second-order rate model (Table 2), not unexpectedly, considering the physicochemical
interactions that occur during the formation of an HS–BB 3 complex.

Table 2. Correlation coefficients and rate constants for the HS–BB 3 reaction.

Model R2 Rate Constant

Pseudo-first-order 0.9939 k1 = 0.0152 min−1

Intraparticle diffusion 0.9855 K = 0.0055 g min−1/2 g−1, C = 0.5509
Pseudo-second-order 0.9997 k2 = 0.893 g (g min)−1

3.4. Adsorption Isotherms and Thermodynamics

The three most widely accepted adsorption models, i.e., the Langmuir, Freundlich and
BET isotherm equations, were used to fit the experimentally determined equilibrium adsorption
data obtained at different pH values at 287 K, not only to reveal the significant physicochemical
characteristics of the retention process, but also to test the applicability of these models to BB 3
adsorption in a liquid–liquid system. The results are summarized in Table 3.

Table 3. Experimental R2 at three pH values for each adsorption model.

Equation pH R2

Langmuir
Ce
Qe

= 1
KQm

+ 1
Qm

Ce

4.0 0.981
7.3 0.988
10.0 0.985

Freundlich
log Qe = log KF + 1

n log Ce

4.0 0.960
7.3 0.900
10.0 0.954

BET
Ce

Qe(1−Ce)
= 1

XmKB
+ KB−1

XmKB
Ce

4.0 0.982
7.3 0.988
10.0 0.922

It is evident from Table 3 that both the Langmuir and BET models [38,39] were found
to provide an accurate interpretation of the dye adsorption on HS. It is concluded that
the adsorbent–adsorbate interactions predominantly involve strong electrostatic forces of
attraction between the positive dye and the negatively charged HS, as well as a homoge-
neous distribution of the adsorption sites, in agreement with the two theories that share
the same basic postulates. Furthermore, as shown in Figure 2, no dye–dye interactions are
displayed, i.e., there is no interaction between the molecules of adsorbed species, a point
also emphasized by the Langmuir model.

The empirical Freundlich equation [40] adequately describes the HS–BB 3 interaction,
although the fundamental concept of the above model is that the adsorption sites are
heterogeneously distributed. Site heterogeneity in humic matter may arise from colloidal
behavior prior to and during complexation with the dye, from the electric double layers
formed and from the influence of Derjaguin–Landau–Verwey–Overbeek (DLVO) inter-
actions on the stability of colloids [41–44]. Humic substances have proved colloidally
stable due to complexation with Mn(III) [45], interactions between humic species and other
components (e.g., hydrophobic pollutants) in natural water systems, resulting in structures
similar to micelles, have been studied in detail [46] and humic materials originating from
soil, coal and peat sources have shown a relationship of electrokinetic and rheological data
to the colloidal stability, achieved mainly via electrostatic forces in suspensions [47]. As
the Freundlich model offers a satisfactory interpretation of BB 3 adsorption onto humic
substances, our findings can be explained in terms of an essentially heterogeneous system
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in which hydrophobic groups of HS in solution tend to associate together and escape from
the aqueous phase by a mechanism that involves their ability to form a solid microphase.

BB 3 retention data at 287, 308, 323 and 353 K and pH 4.0 were employed for the ther-
modynamic calculations. A low ∆Hθ

ads value (−1.15 kJ mol−1) was obtained, supporting
the negligible effect of the temperature on the adsorption process. ∆Gθ

ads was found to be
−13.3 kJ mol−1, confirming the spontaneity of the reaction, and the positive ∆Sθ

ads value
calculated, 42.3 J mol−1 K−1, provides evidence of both an entropically favorable process
and strong dye–adsorbent affinity [48].

4. Conclusions

Water purification by C.I. Basic Blue 3 adsorption on potassium humate was examined
at various dye loadings, temperatures and pH values to demonstrate, for the first time, both
the basic concepts of electrostatic interactions and the selective nature of the adsorption
of BB 3 on specific HS. The retention of dyes by composts, peats, lignite/coal and their
derivatives due to dye adsorption on the humics contained within the substrate has been
extensively studied. However, a small number of articles that describe the adsorption
of a dyestuff onto humic substances themselves are available. Adsorption experiments
were carried out in aqueous mixtures of BB 3 and HS with concentrations from 2 × 10−3

to 2 × 10−2 g L−1 and 2 × 10−2 g L−1, respectively, at 287 K. The maximum dye uptake
was obtained at pH 7.3. On standing for a period of 15 d, potassium humate proved a
very strong adsorbent for BB 3 at pH 4.0, retaining 0.93 g dye/g. The temperature was
found to exert little influence on the dye retention, which was also verified by the very low
value of the adsorption enthalpy change. Dye–HS interactions at acidic pH values involve
electrostatic forces of attraction between the positively charged dye and the—almost totally
ionized—carboxyls of humic substances. Such forces of attraction are also demonstrated
by the observation that the rate of HS–BB 3 complex formation obeys pseudo-second-order
kinetics. The applicability of three adsorption models, i.e., Langmuir, Freundlich and BET,
was tested on experimental data derived from a liquid–liquid sorbent–adsorbate system.
The overall binding, solution complexation and adsorption conformed to the Langmuir and
BET equations, an indication of strong electrostatic dye–humics interactions. The fact that
dye adsorption was found to follow a Freundlich mechanism reveals the heterogeneities
of the humic substrate due to its colloidal nature and results are consistent with the idea
that humic matter interacts with the dye mole-cules on the basis of its ability to form solid
microphases. The thermodynamic quantities calculated, ∆Sθ

ads and ∆Gθ
ads underline an

entropically favorable and spontaneous process, respectively.
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