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ABSTRACT ARTICLE HISTORY
Various types of organically modified minerals have already Received 25 January 2025
attracted the attention of researchers due to their promising and Accepted 10 March 2025
environmentally friendly properties and their diverse application. KEYWORDS

This study aims to develop a cost-effective and efficient adsorbent Cr(VI); adsorption; double-
for Cr(VI) removal from wastewater by modifying pumice with acid chain surface active agent;
activation and cationic surfactant treatment. The research focuses pumice composite

on optimising adsorption conditions, understanding the adsorption

mechanisms, and evaluating the material’s reusability for large-

scale applications. This study improves the properties of pumice

(Pmc), surface organomodification using 5 M H,SO, activation and

a double-chain cationic surface active agent as an organic modifier,
didodecyldimethylammonium bromide (DDAB) for the sorption of

Cr(VI). Physicochemical characteristics of natural-pumice and

organo-modified one were studied by EDX, SEM, FTIR, TGA, DTA,

XRD and N, adsorption/desorption tools. The influence of time,

Cr(VI) concentrations, solution pH, weight of adsorbent, and tem-

perature were measured and discussed in batch equilibration tech-

nique. The results showed rapid adsorption (60 min) with optimal

efficiency at pH =2 for Cr(VI) anions. The removal data fitted the

Langmuir model, with a maximum adsorption capacity of 7.81

mg/g. The sorption of these anions onto DDAB/Pmc followed

pseudo-second-order rates. Thermodynamic parameters for anions

adsorption have been evaluated. The parameters gained from

experiments and others can be utilised to design an economical

treatment plant for water polluted with Cr(VI) anions or wastewater

resulting from industrial.

1. Introduction

Heavy metal species pose severe risks to human health and the environment [1], with
chromium being a major contaminant in various industries [1,2]. Cr(VI) is highly toxic,
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causing skin rashes, ulcers, genetic mutations, liver damage and cancer [1-3]. According
to the US EPA, the safe limit for total chromium in drinking water is 0.1 ppm, while Cr(VI)
should not exceed 0.05 ppm. However, industrial wastewater, especially from tanneries
and electroplating, can contain Cr(VI) levels as high as 1500 ppm, making its removal
essential [4,5]. Several approaches have been explored for the in-situ treatment of
industrial and domestic wastewater to remove Cr(Vl) species, including flocculation and
precipitation, membranes, redox, microbes, electro-chemistry, ion-exchange and adsorp-
tion methods [2-10]. lon exchange and adsorption are appropriate technologies for any
impurities subtraction from wastewater; as a result, it has the benefits of a low budget,
simple employment and great effectiveness [9,10]. The removal of chromium ions from
water is essential, with sorption being an effective and superior treatment method. It is
practical, efficient, and does not produce toxic byproducts [10-14]. Various types of solid-
phase adsorbents, including modified and unmodified activated carbons and their deri-
vatives, as well as zeolite, MOFs, clay, and mineral particles, have been investigated and
utilised [6,7]. Compared with further adsorbents, clay and minerals with physical-
adsorption capacity and surface chemical reactivity are readily obtainable, making them
a growing focus as of late [7-9]. A wide range of commercial solid materials, such as
activated carbon, resins and chelating polymers, is available for ion adsorption; however,
they are relatively expensive [1-7]. Abundant little-rate natural solids have been recom-
mended as would-be sources of cost-effective artificial sorbents [7,8]. Natural low-cost
solids that have been intended include green algae, leaf mould, moss peat, wood, coco-
nut rescue waste, activated charcoals, char fibres, rubber, etc. [6]. Still, different cheap,
effortlessly obtainable and extremely effective adsorbent solids are required.

In recent studies, research on low-cost clays, natural ores, and rock-based sorbents has
expanded, leading to the utilisation of various ores and solid minerals for the removal of
metal ions, i.e. iron oxide, silica, quartz, kaolinite, zeolite, clay minerals and pumice
particles [7-16]. Although these solid materials have lower adsorption capabilities than
synthesised ion exchangers, their significantly lower cost makes them promising for
removing heavy metal ions from water and wastewater [8-11]. These adsorbents (clay
and natural minerals) can work as they are or in modified new forms [17].
Organomodification, the attachment of organic species to clay or mineral surfaces, creates
highly efficient composites. These composites offer enhanced properties and diverse
applications [17].

Pumice stone is a porous volcanic rock with a large surface area, composed of finely
vesicular pyroclastic glass. It forms when volcanic gases nucleate into bubbles within
viscous magma before cooling into glass. With an average porosity of 90%, pumice often
floats on water initially. In addition to its practical applications in wastewater treatment,
pumice has been widely studied for its effectiveness as a sorbent, filtration medium, bed
material, and support media [15,16]. Research showed that unmodified pumice cannot
remove phenolic species, whereas organo-modified pumice is an excellent sorbent.
Experimental results confirm its high efficiency in phenolic species adsorption [18].
Meanwhile, pumice is a little charge solid material besides an absorbent assembly and
huge surface area that is commonly obtainable and can be certainly treated and adapted;
adapted pumice stone particles would be an appropriate applicant as an absorbent.

Given the advantages of organo-modified pumice, its potential for removing other
pollutants, such as chromate species, should be explored. To our knowledge, the use



8602 (&) 1. M. AHMED ET AL.

of double-chain surfactant-modified pumice for chromate removal has not been
studied, we investigate the surface organomodification of pumice through acid activa-
tion using 5M H,S0, followed by functionalisation with DDAB. The physicochemical
properties of both natural (Pmc) and modified pumice (DDAB/Pmc) were characterised
to evaluate the impact of modification on the mineral’s surface properties. Batch
adsorption experiments examined key parameters affecting Cr®* removal, including
contact time, pH, and temperature. Kinetic and equilibrium data were analysed using
pseudo-second-order and Langmuir models, while thermodynamic parameters
assessed feasibility and spontaneity. The novelty of this research lies in the dual
modification strategy combining H,SO, activation with a double-chain cationic surfac-
tant to enhance Cr*® removal efficiency.

2. Materials and methods
2.1. Chemicals and reagents

Pumice was obtained from the local market. All chemicals were used without any addi-
tional purification. To create a 1000 mg/L Cr*® stock solution purchased from Aldrich,
about 0.283 g of K,Cr,0; (K=Cr20;, =99% purity) was placed in water in a 100-mL flask.
Didodecyldimethylammonium bromide (DDAB), a double-chain cationic Surface active
agent, was purchased from Sigma-Aldrich with = 98% purity. Sulfuric acid (H2504, >98%
purity) was employed in the activation process of pumice. The pH of the working solutions
was adjusted using sodium hydroxide (NaOH, =98% purity) and hydrochloric acid (HCl,
>37% purity) as required.

2.2. Synthesis of DDAB/Pmc composite (organ modification of pumice)

Before use, pumice stone particles were powdered and separated using a 100 mesh-
extent sieve to get homogeneous powder; pumice powder was agitated in 5 M H,SO, for
one day through a ratio of 1:5 filtered, then pumice-activated was washed to pH 7 and
dried at about 105°C to a constant mass. After that, 5.0 g of the activated pumice was
shaken overnight with 100 mL of 1% DDAB for 24 h. The modified pumice was washed
thrice using distilled water overnight and dried at 105°C.

2.3. Physical and chemical characteristics of DDAB/Pmc composite

The interaction between DDAB/Pmc and the aqueous phase plays a key role in chromate
adsorption. Adsorption efficiency depends on the material’s functional groups, chemical
structure, and surface properties, which influence the adsorption capacity in aqueous
solutions [19]. The crystalline structure of the investigated DDAB/Pmc composite was
examined using XRD-7000 at a diffraction angle range of 10-80 and a scan speed of 0.2/
min. Shimadzuo DTG-60/60 h thermal analyser has been utilised to measure DTA and TGA
where DDAB/Pmc was heated up to 600°C under N, atmospheric. Functional groups were
estimated by IRTracer-100 from Shimadzu, Kyoto, Japan, with a resolution of 4.0 cm™": the
sample was estimated between 4000 and 400 cm-1; the sample was estimated between
4000 and 400 cm-1. Morphology of the solids was scanned via Thermo Scientific Quattro
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ESEM, and N,Brunauer-Emmett-Teller (BET) surface area analyses were characterised
utilising Quantachrome, NOVA 4200 e series).

2.4. Batch adsorption experiments

Batch equilibration was utilised to evaluate the adsorption of Cr(VI)via DDAB/Pmc com-
posite, where 0.05 g of the metal mentioned above ions was shaken with 10 mL of Cr(VI) in
pHs (2.0-10.0), Cr(Vl) concentration was investigated (10-100 mg.L™") where contact-time
remained between 5 and 180 min. And the temperature was in the range of 25-55°C. After
the mixture had been shaken, the solutions were separated by centrifugation, and the
concentration of Cr+6 was measured spectrophotometrically using a 1,5-diphenyl-
carbazide scheme (540 nm) [20].

2.5. Analysis of data

The % elimination or adsorption (%R) of Cr(VI) at steadiness and quantity of Cr(VI)
relocated onto DDAB/Pmc surface at time t g, (mg.g”) and at steadiness g, (mg.g”)
were considered via subsequent relationships [19]:

R% = = 100 (1)
4

G = (G —G) m (2)
v

de = (Co - Ce) m (3)

Somewhere, gt expressions the extent to which Cr(VIl) was sorbed onto DDAB/Pmc
composite at t time. C; and Ce signify Cr(VI) masses in the solution (mg.I-1) at time t, time
0, and steadiness; correspondingly, Co and Ce signify Cr(VI) masses in the solution (mg.l-1)
at time t, time 0 and steadiness. Volume V (I) and m are the weights of the DDAB/Pmc
composite (g).

2.6. Theoretical background

2.6.1. Modeling of Cr(VI) adsorption

2.6.1.1. Kinetic modeling. The kinetics of the treatment scheme offer beneficial insights
into the exterior interaction employed in the adsorptive removal of the Cr*® onto DDAB/
Pmc [21,22]. Kinetics creates a relationship between contact time and Cr(VI) concentration
and incidence implicated in the sorption route. To inspect the mechanism of Cr(VI)
sorption via DDAB/Pmc composite, kinetic formulas have been second hand to find likely
mechanisms of the sorptive-removal route. In our study here, pseudo-first-order (PFO)
[23], -second-order (PSO) [24] and intra-particle diffusion (IPD) [25,26] kinetics equations
were recommended as comes after to expose the mechanism of Cr(VI) sorption liable on
the DDAB/Pmc characteristics [27]. PFO rate Lagergren model is:
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k
log(ge — q¢) = log ge — (Fl)?»)t (4)

Wherever k; is PFO rate-constant (min™") at shaking time t (min.), a linear plot (straight-
line) resulting from log(q.- q,) vs. t proposes the applicability of the PFO model. g. and k;
could be computed via intercept vs. straight line slope. The PSO kinetic equation is
stated as:

t 1 1

— =+t (5)
a kaq qe

Where k, is the PSO rate constant (g.mg~'.min™"), the plot of t/q, vs. t ought to
generate a linear plot in instance the PSO kinetic equation stays valid, and g, and
k, can be calculated after obtaining both line plot -intercept and -slope,
respectively.

The next calculation can estimate effect of IPD resistance on Cr(VI) species adsorp-
tion [28]:

ge = kst'? + C (6)

Wherever k; is the IPD rate constant (mg/g.min_o's), the C rate provides evidence con-

cerning the value of the boundary layer. According to IPD, the plot of g, vs t,s. has to be
linear in case IPD is intricate in Cr(VI) species removal. If this line passes out of origin at
that point, IPD is the rate-controlling step [29,30].

2.6.1.2. Isotherm models. Isotherms are numerical forms that count on collections of
assumptions that are classically interrelated to sorbents’ homogeneity or heterogeneity,
concealment, and feasibility of contact over sorbate ion species once the adsorption
process ranges a steadiness formal [31]. Langmuir and Freundlich’s forms are routinely
advantageous for depicting subtraction steadiness for waste-water management
[32,33]. Equilibrium statistics grown in our work were similarly valued via the forms
above, as has too been applied by diverse studies [34,]. Cr(VI) concentration influence on
the uptake of Cr(VI) was calculated under optimised conditions at different [Cr(VI)], from
10-100 pg.mL™", and sorption isotherm forms were utilised. Langmuir form could be
defined by linearised formula as shadows [35]:

E _ 1 n 1

qe meax Qmax

Qmmax and b are the maximum mono-layer capacity (theoretical) and the constant of

Langmuir interrelated to sorption energy [36]. The central amount of this model could be
stated in expressions of separation factor, R, that are computed via [37]:

1
146G,

x C, (7)

R

(8)

The empirical form of Freundlich form relies on removal happening onto heterogeneous
exteriors as follows [38]:

1
log ge = log kr + - log Ce 9)
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Krand n are steadiness values indicating the amount adsorbed and adsorption strength,
respectively. All variables of the Freundlich and Langmuir forms can be obtained as in
previous published works [32].

2.6.2. Thermodynamic factors

Thermodynamic factors were assessed by determining the necessity of K¢ (equilibrium
constant) on temperature. AG®, AH®° and AS° for Cr(VI) adsorption onto the DDAB/Pmc
composite can be intended by Gibbs' free energy and Van't Hoff equations [32,33].

AG® = —RTInK¢ (10)
de
Ke =— 11
c=c (11
AS°  —AH°1
In Kc = = 12
n Kc z + T (12)

Wherever R and T are gas constant and temperature. AH could be valued from the can't
Hoff calculation plot, InK_ vs. 1/T [28]. All tests were frequent at the slightest 2 distinct runs,
and mean values were stated. Equally, blank examinations were continued to check the
possibility of sorption occurring on the walls of the bottle use.

3. Results and discussion

After characterising the DDAB/Pmc composite as an adsorbent to determine its capabil-
ities, the retention behaviour of Cr(Vl) was calculated using the batch technique. First,
different operational factors that impact the adsorption competence were considered.
Next, the adsorption method was analysed using diverse isothermal and kinetic forms to
obtain data.

3.1. Composite characterisation

Several analytical techniques were employed to thoroughly characterise the modified
pumice (DDAB/Pmc composite). FTIR spectroscopy was used to identify and confirm the
presence of functional groups that play a crucial role in adsorption. XRD analysis provided
insights into the crystalline structure and any structural modifications resulting from the
treatment process, which can influence material stability. TGA was utilised to assess the
thermal stability and decomposition behaviour of the material, ensuring its suitability for
practical applications. SEM imaging was conducted to examine surface morphology and
detect changes in texture that may affect adsorption efficiency. Lastly, BET analysis was
performed to determine the specific surface area and porosity, which are key factors in
optimising adsorption capacity.

3.1.1. Characterisation of H,SO, activated-pumice and DDAB/Pmc composite

Based on the experimental results of some researchers, it has been shown that there was
a growth in sorption efficacy using pumice modified via immersion in strong acids
compared to natural, unmodified pumice [39]. All chemical treatments with oxidising



8606 I. M. AHMED ET AL.

agents used to produce acidic functional groups accompany a decrease in external
surface area and whole pore volume, mostly owing to the obliteration of the porous
constructions inside adsorbents throughout the oxidative step. Moreover, drenched
sorbent in an acidic solution can melt the adulteration compounds (organic content) on
the surface of the adsorbent’s holes (pores), increasing the adsorbents’ surface area and
retention capacity. While strong acid activation reduced the organoimpurities of the
sorbent and improved surface properties (porosity), surfaces become positively demon-
strative with H, facilitating a further increase in adsorption in the case of negative ions
[39,40]. Acid activating a solid is a simple and very effective method to modify the solid
surface area, reactivity, homogenisation, and adsorption. This activation results in eradi-
cating exchangeable species. Changes in the physicochemical features of a solid via acid
activation can generate many of its interesting and required properties [40]. Also,
a grouping of acidly-activation through surfactant (alkyl-ammonium intercalation) offers
possible enrichments of solid sorbent possessions. Sulfuric acid is one of the best acids
used in activation [39-41].

This section offers some physical and chemical features of H,SO, pumice and synthetic
DDAB/Pmc composite. The elemental composition of the DDAB/Pmc composite was
investigated using EDX analysis. A separate peak consistent with the constituent elements
(Si, Al, Ca, O, S, C) was observable, besides peaks consistent with additional elements, such
as Ti and Fe. Further elements with a percentage abundance under 1% can be presumed
as micro-components, Figure S1 in supplementary file.

3.1.1.1. SEM study. SEM was applied to predestine the H,SO, activated-pumice and
organo-modified H,SO, activated-pumice (DDAB/Pmc) morphology and micro-graphs
displayed in Figure S2. Images (Figure S2A, C, E) of H,SO, activated-pumice point out
that the H,SO, activated surface had a porous surfaces. The SEM images of organo-
modified activated pumice with a double-chain cationic surfactant (DDAB/Pmc) are
specified in Figure S2 (B, D, F). As is seen in this figure, the exteriors of H,SO, activated-
pumice particles reformed due to organ modification with a surfactant, and the porous
system could not be visible. After the organ modification reaction, DDAB/Pmc composite
surfaces became smoother than those of H2S04 pumice. DDAB/Pmc Smoother surface
may be owed to the sorption of DDAB onto H,SO, activated-pumice filling and covering
natural cracks and pores, Figure S2 (B, D, F). This is evidence of the success of the organ
modification process of H,SO, pumice. In other words, the DDAB molecules as monomers
were easily retained onto the exterior of the activated stone, owing to the role of the H,
SO, in emptying the pores and cleaning them of impurities [40].

Such a phenomenon was earlier detected when modifying the original pumice with
different organic and inorganic species. In some studies, original pumice stone and
composites of MgCl,/pumice and polyacrylonitrile/pumice were used as adsorbents,
displaying that this stone had an asymmetrical surface per higher holes and cracks.
However, a flatter exterior and fewer cavities and pores were detected after loading
and impregnation through MgCl, and poly-acrylonitrile [34].

3.1.1.2. N, Adsorption/desorption isotherm characteristics. Adsorption capacity is
a throwaway to calculate the volume of N2-gases sorbed at diverse relative pressures,
P/P,, where P is the N,-pressure, and P, is the fullness N, of DDAB/Pmc composite
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(adsorbent). Different instruments give adsorption_isotherm in points by calculating the
extent of N, sorbed besides equilibrium N>-pressure. Desorption_isotherms could be
attained via computing Ny.amounts detached from DDAB/Pmc composite (adsorbent)
with relative N,_pressure dropped.

By observing the shape and knowing the details of the adsorption/desorption isotherm
curves, such as the hysteresis loops, we can achieve beneficial data regarding the physio-
sorption way in DDAB/Pmc pores that could aid qualitatively designating DDAB/Pmc pore
styles also shapes [30,42]. N,.isotherms might be gathered in 5 styles (Type 1 to Type 5).
Those N,.isotherms aren’t commonly reversible or retain and exhibit hysteresis kinks or
loops [43]. It is identified that there are open pores, for example, tubular pores, wedge or
nail-shaped pores, equivalent plate-pores which opened at both tops or round, especially
tinny deadlock-pores, create hysteresis. There are five pore types correlated with hyster-
esis loops [44].

The N,_isotherm curves and pore-size-distribution diagrams of unchanged-pumice
besides the DDAB/Pmc composite are shown in Figure S3 and Figure S4. The natural-
pumice and DDAB/Pmc fit to Type-IV isotherm with hysteresis-loop (Figure 3(a)
andFigure 4(a)) according to the IPUAC classification, which resulted from capillary con-
densation in the typical mesoporous structure [30,44] (diameter (width), 2 < d < 50 nm) at
wide relative-pressure variety about 0.1-0.9, adsorption line and de-sorption line rapidly
jet and coincide at ending. Thus, the amounts of these hysteresis indicate that natural
pumice and DDAB/Pmc had a lot of mesopores. Also, these figures display that the
natural-pumice and DDAB/Pmc composite had no macro-pores (d > 50 nm) and negligi-
ble extent of micro-pores (d < 2 nm), Figure S3b and Figure S4b.

The IUPAC categorised hysteresis into 4 sorts, demonstrating an unalike pore profile or
shape. Type-H1 typifies cylindrical or tubular pore wholes in which both trimmings are
uncluttered and capillary (tube) condensation happens in mid of relative pressure; Type-
H2 is correlated through ink-bottle-shaped pore aggregates with openings (pores) con-
nectivity and rough pores structures, H3 forms are credited to wedge-formed openings
moulded via moveable stacking of scaly units, and the last one, Category H4 loops are
consequence of slit-shaped openings resultant as of inside equivalent pore structures in
rock [43,44].

Accordingly, hysteresis loops of the natural pumice and DDAB/Pmc belong to Type H4,
viewing that the natural pumice and DDAB/Pmc have several allocations of opening types
or forms and pore distance that typically stem to slit approximating openings and 2
aligned platter fissures. Type H4 indicates that the adsorbent’s pore shapes remain open,
and open slit-alike openings (pore styles) in equivalent platter construction are para-
mount pore styles [42-44]. Besides, from Figure 3Sb and Figure 4Sb, the pore size
distribution is chiefly concentrated between about 2-8 nm and 3.5-10 nm for natural
pumice and DDAB/Pmc, respectively, which is produced by the cavities formed through
the freezing of the original pumice stone, which is compatible with the SEM.

Sger of ordinary-pumice and DDAB/Pmc composite was notable regarding the BET
performance. It revealed a meaningfully higher Sger for the DDAB/Pmc composite if
equated to a regular one, 93.422m%g™" and 17.313m%g™" correspondingly. Sger of
DDAB/Pmc composite was enriched (about 6 terms of natural-pumice value). Large
reasonable Sger of the DDAB/Pmc owed to the elimination of constituents or impurities
that occupy the openings of natural pumice by H,SO, in the activation step, which results
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in easier access to the surface and, thus, a larger surface area. This is identical to what was
obtained using the SEM analysis previously. The extended pore volume and pore dia-
meter of DDAB/Pmc with our modification that results in improved surface area have
been reported by other researchers [34,40]. This shows the important role of the activa-
tion step with 5M sulphuric acid. Sger of DDAB/Pmc is 93.422 m2.g~", larger than the
surface area of many sophisticated adsorbents, making this prepared composite suitable
for application in wastewater treatment operations.

3.1.1.3. FTIR study. Figure 1 depicts the FT-IR spectra of natural pumice (a) and H,SO,
pumice (b) at wavelengths 400-4000 cm™, According to what is shown in Figure 1(a), it
could be seen that peak near 1793 cm™" attributed to H - O - H bond bending vibration
[45,46]. Peak around 1406 cm™' is assigned to distortion vibration of - OH groups (maybe
Al — and/or Si-OH distortion vibration) [46]. A peak of ~871 1/cm can be assigned to
bending vibrations of Si - O - Si [47]. The stretching vibration of Al - O - Si was verified
near ~711 1/cm [45]. Bending modes of Al - O and Si - O links were observed between 400
and 500 cm™' [45]. In general, the spectrum of natural pumice unmodified in any way was
observed to be very similar and in good agreement with those results previously reported
and published in the literature [45,47].

The FTIR spectrum of H,SO,4 activated pumice is illustrated in Figure 1(b). From this
figure, it could be seen that the peaks characteristic to the natural pumice (426, 443, 711,
and 871 cm™) but at different positions (418, 424, 657 cm™), whereas peak observed on
~871 1/cm was missing. Peaks displayed by 596, 1006, and 1082 corresponded to asym-
metric bend, symmetric stretch, and asymmetric stretch of sulphate anion, respectively
[48]. The peak at ~1618 1/cm could be assigned to the winding vibration of the H - O -
H bond [45,46]. Two peaks through 3604 and 3547 1/cm attributed to H,O stretching
shaking (moisture) in the matrix and — OH sets [45].

FTIR spectrum of the DDAB/Pmc composite is illustrated in Figure 1(c). From this figure;
it could be seen that the peaks characteristic to the H,5S0, activated pumice in addition to
three peaks that corresponded to the organic DDAB (1683, 2855, and 2926 cm™"). Peak on
1683 cm™' is probably C = N stretching mode [49]. Peaks that become apparent at 2855
cm than 2926 cm™' may be due to the symmetric and asymmetric widening vibrations of
methylene in DDAB [50].

Figure 1(c,d) depicts FT-IR spectrums for DDAB/Pmc and Cr(Vl)-loaded DDAB/Pmc
(before and after loading with Cr(VI) ions). According to what is shown in Figure 1,
there is almost no change (shifts) in the peak position after Cr (V) loading. This result
confirmed that no function group is consumed in this adsorption process. On the other
hand, the new bands at 792 and 937 cm™" in the Cr(Vl)-loaded DDAB/Pmc could be due to
Cr — O - Cr and Cr - Og, respectively [51], and hence we can predict that this sorption
controlled with physical sorption. Generally, very slight shifts were observed for some
vibrations. The presence of these vibrations with minor shifts in DDAB/Pmc composite
loaded with Cr(VI) anions ensures the association of DDAB molecules with the Cr(VI).
Generally, the FTIR spectra of the original and modified pumice samples seemed approxi-
mately identical and compatible with those described in the literature [34].

3.1.1.4. Thermogravimetric study. The thermal decomposition features of DDAB/Pmc
composite were studied at a constant proportion (10°C/min) from 28°C to 600°C. TG/
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Figure 1. The FTIR spectra of (a) natural pumice, (b) H,S0, activated-pumice, (c) DDAB/Pmc and (d)
Cr(VI)-loaded DDAB/Pmc.
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Figure 2. Thermogravimetric (TG) and differential thermal (DTA) analyses curves of DDAB/Pmc
composite.

DTA curve DDAB/Pmc is shown in Figure 2. A sharp weight loss of about 16.72% was
observed between 120°C and 155°C, possibly due to the loss of physical adsorbed
water present [52] as confirmed by the endothermic peak of the DTA curve at 140°-
C. A sluggish loss of about 5.23% on warming to about 367°C might be owed to the
complete decomposition of DDAB [53]. Extra mass (~5.36%) damaged amongst
367-600°C may be owed to intensification or condensation of interstitial H,
O molecules [52]

3.1.1.5. X-ray diffraction (XRD) studies. XRD spectra obtained for natural pumice,
DDAB/Pmc composite, and Cr(Vl)-loaded DDAB/Pmc are gotten in Figure 3. According
to what is exposed in Figure 3(a), it could be realised that the results of the XRD pattern
of natural-pumice stone demonstrated that the highest constituent of this stone was
silicon dioxide (SiO,: quartz), with major greatness peaks linked to silicon dioxide (SiO,)
at 20 =26.05, 30.08, 50.22 and 55.50° [52]. The crystallite length (D) was computed via
Debye-Scherer’s formal [52].

09
" B cosh’

where A (\=1.5406 A), B and 6 are beam wavelength, full-width-at-half-maximum
(FWHM) of intense peak and Braggs-angle, respectively. Found on exceeding calculation,
D of natural-pumice computed —1. The most intense peak at 30.08 degrees (260) was 15
nm. Figure 3(b) depicts the XRD pattern of the DDAB/Pmc composite. From Figure 3(b), it
could be seen that the degree of crystallinity was decreased, and the peaks’ positions
were changed after the organo-modification with amorphous DDAB molecules. In addi-
tion, the crystallite size of the natural pumice was reduced to 13.9 nm after the organo-
modification process. The XRD pattern of Cr(VI)-loaded DDAB/Pmc is seen in Figure 3(c),
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Figure 3. XRD patterns of (a) natural pumice, (b) DDAB/Pmc, and (c) Cr(VI)-loaded DDAB/Pmc.

and a striking feature in this chart is the upward surge in the intensity of the peaks. Also,
many peaks disappeared, and the positions of the other peaks changed. These changes
are evidence of Cr(VI) ions adsorption.

3.2. Performance of adsorption

3.2.1. Effect of pH

Values of pHs in any solutions are deliberated to have power on exterior charge for any
sorbent such as DDAB/Pmc, the ionisation and speciation of adsorbate such as Cr(VI)
oxyanions in solution [20,21]. Potassium-dichromate (K,Cr,05) liquefies in H,O and disas-
sociates into dichromate ions that extra disassociate towards HCrO,4 or CrO,>” dependent
on pH and chromium extent. Researchers often discuss the presence of only CrO,* and Cr,
0,” in the Cr(VI) solution. Nevertheless, the reality of supplementary sorts correspondingly
been established: hydrogen-chromate or bi-chromate (HCrO4"), chromic-acid (HyCrO,),
hydrogen di-chromate (HCr,0;), tri-chromate (Cr30102'), and tetra-chromate (Cr40132').
Whereas HoCrO,4, HCr057, Cr3040% or Crs0432” are only formed in exciting conditions, at
great acidity and a huge concentration of chromate anions [22]. Figure 4 illustrates Cr + 6
aqueous anions as a sense of pH values considered by HYDRA.MEDUSA [20] chemical
equilibrium toll (soft-ware) on [Cr(VI)] =100 mg.L™", room temperature and pH range
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Figure 5. Effect of pH on adsorption of Cr(VI) onto DDAB/Pmc.

2.0-10.0. Cr(VI) happens in H,O through unlike speciation, in pH range of 2-6, the major
form is Cr,0,% and HCrO,™, at pH greater or nearer to 6 the chromium species exists in the
form of CrO4% and the affinity of this anion is very low in comparison with Cr,0,%* and
HCrO,4 ", Figure 4.

It can be apparent visibly that pH values rule sorption through Figure 5. The best
removal % condition was pH 2, reaching a maximum rate of 90%. A general decrease in %
R with growing pHs is supposed. At high pH values, the plentiful hydroxyl sets, OH™ are
dominated by anions of Cr(VI) to seize adsorption active sites, and thus, a low % R of Cr(VI)
is obtained. The sum of OH- converts to smaller and %R growths through decreasing pH.
According to the texts [23], sorption of any metal ions on inferior pH values habitually
goes to outer-sphere-surface complexation. Besides, as developed, Cr(VI) elimination
happens by acidic pHs, and subsequently, existent Cr(VI) wastewaters are acid by nature;
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there is no necessity for pH adjustment for practical applications of DDAB/Pmc composite
under consideration. Where the engineering sewages are tannery waste (near pH 2),
electro-plating waste (around pH 2.2), and Cr-plating discharge (pH 1) [24]. Comparable
discovery proceeding pH tendency has been stated in Cr(VI)-oxyanions sorption of train-
ing by earlier academics [25,26].

Further removal at acidic pH designates that lower pHs lead to a growth in[H*] ions on
the exterior of the DDAB/Pmc composite, resulting in a considerably strong electrostatic
attraction among the positively charged DDAB/Pmc composite surfaces and the chro-
mate species. Lower R% of Cr(VI) at extreme pH values could be due to twin opposition of
OH™ and Cr(VI) anions to be sorbed onto the exterior of DDAB/Pmc, which groups of OH™
dominate. Satisfactory results at small pHs can be thanks to the neutralisation of charges
(negative) on the exterior of DDAB/Pmc by extra H*, thereby simplifying the dispersal of
Cr,05 % and HCrO,~ and its following adsorption, as Cr,05 2 and HCrO,~ are the main
anionic species of Cr (VI) at lower pH, Figure 5. Consequently, it originated from the
subtraction of Cr(VI) oxyanions from observations, and a pH of 2 was considered its top pH
for supplementary investigational studies.

3.2.2. Influence of contact time

Contact time is crucial in wastewater treatment, as faster adsorption indicates higher
efficiency [24]. For Cr(VI) removal using DDAB/Pmc, equilibrium was achieved within 5 to
180 minutes, demonstrating its effectiveness, Figure 6.

The outcomes in Figure 6 specified that sorption grows abruptly at the initial period
and steadily smoothies into equilibrium. So, it can be supposed that adsorption occurred
in two stages: first quick step followed by the second slower phase till equilibrium was
reached. The adsorption processes reach equilibrium after 60 min; therefore, the contact
time for further studies is fixed to 60 min. The high R % at the initial period can be owing
to the fact that all active sorption seats were originally unused of composite for % Cr
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Figure 6. Effect of contact time on the adsorption of Cr(Vl)onto DDAB/Pmc.
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anionic abstraction, and [Cr(VI)] species gradient in the first portions of the medium was
great. Earlier, Cr(VI) removal via composite lessened meaningfully, owing to diminishing
the sum of sorption active sites, electro-static prevention instigated by previously elimi-
nated species, and gentle pore-diffusion of Cr(VI) species [24,26]. Next, enlarged time, the
residual vacant surface active sites are difficult to employ owing to repulsive forces
among Cr(VI) species onto DDAB/Pmc and aqueous [20,26].

3.2.3. Effect of composite amount

The influence of diverse doses of DDAB/Pmc on the elimination of 100 ug/mL Cr(VI) was
passed obtainable, and data were displayed in Figure 7. DDAB/Pmc amount ranged from
0.01 to 0.05 g; however, wholly, other parameters were retained as constant as acidity,
contact time, sample size, and temperature were kept constant.

The observations disclose that an increase in the removal efficiency of Cr(VI) happens
with the consistent growth in DDAB/Pmc quantity. The growth in abstraction efficacy per
simultaneous growth in the DDAB/Pmc measure is due to increased surface area and
more active functional sets. Therefore, additional active places were obtainable for the
sorption of Cr(VI) species [3,4]. It can be seen from Figure 7 that when the DDAB/Pmc dose
is bigger (from 0.01 g to 0.05 g), abstraction efficacy is bigger, starting from 20% to 90%.

3.2.4. Influence of Cr(VI) concentration
Figure 8 explores the impact of the initial Cr(VI) species concentration (10-100 pg/mL) on
adsorption on DDAB/Pmc.

The capacity values at equilibrium, g, are bigger with a rise in initial [Cr(VI)]. Cr(VI)
species stay sorbed by specific DDAB/Pmc composite locations. In contrast, per growing
[Cr(VI)], the specific locations are saturated, and active locations, owing to the extreme
exterior area of DDAB/Pmc, are occupied. Ordinarily, adsorption capacities (g.) increase
with the increase in [Cr(VI)]. This might be because growths in the initial [Cr(VI)] augment
the interface amongst the Cr(VI) species and the DDAB/Pmc surface of the composite [19].

100
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804 V=10mL
Cr(VI) =100 pg/mL
o 704 o
= Temp. =25"C
= 6049 pH=2
g 50
2 -
D
fZ 40 -
30 4
20 4
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Figure 7. Effect of DDAB/Pmc amount on the adsorption of Cr(VI).
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Figure 8. Effect of initial Cr(VI) concentrations on the adsorption of Cr(VI).

The initial concentrations of anion species offer a significant driving strength to restrain
altogether mass-transfer oppositions of the anion species amongst bulk solution and
DDAB/Pmc. Hereafter, higher initial [Cr(VI)] anions’ willpower enriches the adsorption
procedure [20,26].

3.3. Adsorption molding

Isotherm models like Langmuir and Freundlich help analyse adsorption mechanisms, with
Langmuir assuming monolayer adsorption and Freundlich describing multilayer adsorp-
tion. Kinetic models, including pseudo-first-order (physisorption) and pseudo-second-
order (chemisorption), are crucial for understanding adsorption rates and optimising
adsorbents for pollutant removal [54,55].

3.3.1. Adsorption kinetic

Adsorption kinetics studies are crucial for understanding the removal mechanism and
optimising batch treatment systems [32]. Experimental kinetic data of Cr (VI) anions,
computed from equations number (4, 5, and 6), was correlated through kinetics models:
PFO, PSO and IPD models. The linear fitting curves are exposed in Figure 9. In contrast, the
calculated values of kinetic parameters of 3 kinetics equations through R? at diverse
temperatures and experimental and theoretical capacities are recorded in Table 1.

It was evident that g, rates valued by the PFO equation fluctuate considerably from
those computed experimentally, telling that sorption of Cr(V) species is not a PFO reaction
(Table 1).

Also shown in Table 2, the PSO was found to fit the experimental results of Cr(V) species
sorption compared to the PFO, in which relevant values of R’ have been labelled.
Additionally, g.4 (theoretical values) indicated via PSO plot agree fit to investigational
rates. Consequently, it could be established that PSO could be practical in describing the
Cr(VI) sorption mechanism onto DDAB/Pmc [29,30]. Thus, in the current case, sorptive
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Table 1. The calculated parameters of the pseudo first-order, pseudo second-order and intra particle
diffusion kinetic models of Cr (VI) adsorption onto DDAB/Pmc.

Temperature
Models Parameters 298 K 208K 318K 328K
Experimental data Geexp. M9/g 1.80 1.62 1.36 1.25
First-order kinetic k;, min.”! 0.035 0.046 0.055 0.065
Gercalc,Mg/g 1176 1.205 1122 1.205
R 0.991 0.995 0.991 0.988
Second-order kinetic K5, g/mg.min 0.079 0.068 0.058 0.042
Ge.calcyMG/g 1.733 1.689 1567 1.579
R 0.984 0.967 0.995 0.997
Intra- particle diffusion K3, mg/g.min~%* 0.167 0.173 0.179 0.184
C 0.455 0.330 0.149 0.026
R 0.993 0.992 0.974 0.990

Table 2. Langmuir and Freundlich adsorption isotherm constants for adsorption of Cr(Vl) onto DDAB/
Pmc.

Model Parameters Value

Langmuir model Qmax Mg/g 7.810
b, L/g 0363
R, 0.216
R 0.999

Freundlish model 1/n 0.316
K5, (mg/g)(L/mg)""" 2,512
R? 0.7922

removal of Cr(VIl) onto DDAB/Pmc was found to follow PSO, which counts on the state-
ment that chemisorption or chemical adsorption is the rate key step. Within chemical
sorption, Cr(Vl) species capacity should stay relational to active sites sum occupied onto
DDAB/Pmc exterior [30].

The IPD variables were computed as Weber and Morris informed us. It is verified that
the IPD isn't an individual rate-determining step in Cr(VI) sorption, while a substantial
contribution in the rate determined via boundary layer diffusion is proposed. The inter-
cept rate is comparable to the range of the boundary layer thickness. It means that Cr(VI)
anions are attained at the outside surface of DDAB/Pmc at a moderately high speed, then
diffused and bound gradually into the inner DDAB/Pmc surface [30]. These conclusions
specified that eliminating Cr(VI) species onto DDAB/Pmc involved more than one process,
and IPD isn’t rated. They are limiting periods. Such a result is comparable to earlier
works [30].

3.3.2. Adsorption isotherms

Adsorption equilibrium provides essential physical and chemical insights for evaluating
the efficiency of the removal process. Analysing isotherm data helps derive equations that
accurately describe adsorption behaviour for practical applications [32]. The experimental
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Figure 10. Langmuir (a) and Freundlich (b) isotherm plots for adsorption of Cr(VI).

adsorption isotherms of Cr (VI) onto DDAB/Pmc are designed in Figure 10. Parameters
besides correlation coefficients (R®) for the abovementioned isotherms exist in Table 2.

The gained investigational equilibrium sorption records were fitted through the men-
tioned models via equations 7 and 9. Table 2 displays that the Langmuir formula provides
the greatest fittings (R?=0.999). This suggests that sorption is restricted to mono-layer
coverage and that the DDAB/Pmc exterior is moderately similar. Q. computed from
linear Langmuir plot was 7.81 mg.g™", similar to the sorption capacities of numerous
sorbents [1,3,5,7,31]. The large value of b (the constant associated with the adsorption
energy) indicates a strong bonding between Cr(Vl) and DDAB/Pmc. The R; value for
adsorption of Cr(Vl) on DDAB/Pmc is revealed in Table 2. It specifies very auspicious
adsorption (0.0< R, <1.0) [30]. Table 2 shows that the Freundlich constant obtained for the
current system specifies appropriate adsorption, as it is higher than 1 [30].
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Figure 11. Van't Hoff plot for the adsorption of Cr(Vl)onto DDAB/Pmc.

3.3.3. Thermodynamic studies

AG® is a central measure of spontaneity. Removals happen spontaneously at exact some
temperatures if AG° is present at negative rates. Thermodynamic factors (AG®, AH®, AS®)
were estimated through equations 10 and 12 via data gotten at temperatures range
working (298-328 Kelvin). AH®, AS® amounts were obtained from the slope and intercept
of can't-Hoff-plot of InK_ vs. 1/T, respectively, Figure 11.

The computed parameters for Cr(VI) anions are signified in Table 3. Gibbs free energy of
change is utilised to estimate the spontaneity and probability of adsorption processes.
A negative AG® value confirms a spontaneous adsorption process. In contrast, a positive
AG°® value suggests a non-spontaneous adsorption process, Table 3. Negative AG® sign-
post spontaneous removal environment of chromate species via DDAB/Pmc considered.
AG°® values were found to increase from —1.457 to 2.98 kJ/mol. The increase in AG®
standards with progress in temperatures directs that the removal procedure of Cr(VI)
species on DDAB/Pmc develops extra favourable at lower temperatures. Positive AG®
values similarly demonstrate that there is an energy barrier. Once Cr(VI) ions arrive from
the solution to the particle exterior, certain of the H,O starting hydration film of ions are
stripped off, and the parallel degree-of-freedom of ions is reduced [33]. The analogous
phenomenon has been stated for the adsorptive removal of nitrate and nitrite anions
[32,33]. Positive AH° displays that the sorption procedure was endo-thermic. In contrast,

Table 3. Thermodynamic parameters for adsorption of Cr(Vl) onto DDAB/Pmc.

AH, AS, AG,
Temp, K kJ/mol J/mol.K kJ/mol
298 46.783 152.80 -1.457
308 0.410
318 2.247

328 2.981
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positive AS° reflects the affinity of the DDAB/Pmc composite for the Cr(VI) anions and
suggests some structural changes in Cr(VI) anions and DDAB/Pmc [30,31].

3.4. Mechanism of Cr(VI) adsorption

From the results obtained above, we note that negative chromium(VI) sorption decreases
continuously with the pH growth. It was also noted that extreme sorption is at pH =2.0. It
is known that chromium exists in different oxidation states, as in Figure 4. The strength of
these forms is needful on system pH and balance amongst the unlike ionic types of Cr(VI),
like so [56]:

H,CrO4 « H++HCYO4 (13)
HCrOs~ < HT+Cr0,? (14)
2HCTO47 — Cr2072’+H20 (15)

Therefore, the significantly rapid decrease in the removal of these negative ions of
chromium(VI) through increasing pH might be owed to the statement that diminution in
pH or the increase in the acidity of the medium generates growth in protonated groups
and H* on DDAB/Pmc composite exterior, which causes a meaningfully strong attraction
(electrostatically) amongst HCrO,~ (species is abundant at these conditions) and the
positively charged DDAB/Pmc composite surface. This finding displays that the chief
mechanism of Cr(VI) adsorptive removal on DDAB/Pmc composite is via contact amongst
Cr(VI) and groups (protonated) of DDAB/Pmc composite surface.

In another way, it is well identified that HCrO,~ and Cr,0,” species accounted for
nearly 80% besides 20%, correspondingly, in the pH range from 2.0 to around 5.0,
Figure 4. In the many real industrial wastewaters at pH 2.2, HCrO,~ and Cr,0,> species
were the principal species. Since the DDAB/Pmc composite (aminated pumice) was
positively charged in the pH 2.0-5.0 range, especially by pH of 2, protonated function
groups such as amine groups would adsorb anionic HCrO,~ and Cr,0,% through electro-
static attraction as follows (-N* and HCrO,~ as representatives). In the FTIR spectrum of
the DDAB/Pmc composite after Cr(VI) adsorption, the minor shifts of some vibrations
verified the involvement of protonated groups in chromate removal, Figure 1.

N++HCFO4— RN 7N+ ............. Hcro47 (16)
_H+—|—HCrO4— — _H+ ............. HCrO4 (17)
—Hy"+HCrO,~ — —Hy T HCrO,~ 8

3.5. Comparison of Q,,., for several adsorbents

The adsorption capacity (Qmax) of DDAB/Pmc was compared with other adsorbents,
showing its strong potential for Cr(Vl) removal. Results indicate that DDAB/Pmc outper-
forms or rivals several low-cost adsorbents previously recommended for decontamina-
tion, Table 4.
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Table 4. Comparison of adsorption capacities of various adsorbents for Cr(VI).

Adsorbent Qmax Ma/g References
Fe@PACB-700 22.24 [35]
Nanolignin 30.94 [36]
Tella residue 15.60 [37]
Pisum sativum seed shell 8.50 [37]
Magnetic Zn/Iron-based sludge/biochar composite 27.04 [38]
Methylated biomass of Spirulina platensis 16.70 [57]
Activated carbon of Leucaena leucocephala 13.85 [58]
Montmorillonite magnetite nanoparticles 10.60 [59]
Waste activated carbons treated with sulfuric acid 7.490 [60]
DDAB/Pmc composite 7.810 This study
Untreated papaya peel 7.160 [61]
Rubber wood sawdust 487 [62]

3.5.1. Conclusion

This research presents a practical method for purifying polluted water and wastewater by
removing Cr(VI) through adsorption using widely available and cost-effective materials.
Treating pumice with 5M HzSOa significantly enhances its porosity, surface area, and
acidic properties, leading to improved adsorption performance. Additionally, modifying
the acid-treated pumice with a cationic surfactant (DDAB) resulted in an efficient adsor-
bent composite. The adsorption behaviour Experimental results demonstrated that the
adsorption process occurs rapidly, reaching peak efficiency within 60 minutes at pH 2 for
Cr(VI) anions. The removal mechanism aligned well with the Langmuir isotherm model,
indicating a maximum adsorption capacity of 7.81 mg/g. Moreover, kinetic analysis con-
firmed that sorption followed a pseudo-second-order model, suggesting
a chemisorption-driven interaction The DDAB/Pmc composite is environmentally friendly
in nature, as it does not release harmful products. Moreover, its affordability and high
efficiency make it a strong candidate for large-scale implementation. The findings from
this study offer critical insights for designing an effective and economical treatment
system for Cr(VI)-contaminated water and industrial effluents.
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