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Abstract

Organic dyes such as Crystal Violet represent persistent and toxic pollutants in
industrial wastewaters, underscoring the urgent need for efficient removal
methods. This study investigates the performance of two adsorbents-carbon
nanotubes and biochar-in removing Crystal Violet dye. FESEM and EDS
analyses were employed to identify the morphology and chemical composition of
the adsorbents. The average particle size was determined to be 26.32 nm for
carbon nanotubes and 72.09 nm for high-purity biochar. Adsorption experiments
were conducted under various conditions of adsorbent dosage, contact time, and
temperature, and the optimum adsorbent dose and equilibrium time were
determined to be 1 g/L and 90 min, respectively. Increasing the adsorbent dosage
resulted in a decrease in specific adsorption capacity due to a reduced ratio of dye
molecules to available active sites and particle agglomeration. Adsorption
isotherm analysis revealed that the Freundlich model for carbon nanotubes and
the Temkin model for biochar provided the best fit to the experimental data, and
the extracted Qm.x Values confirmed the high adsorption capability of both
adsorbents, while pH showed no significant influence on the adsorption process.
Kinetic and thermodynamic investigations indicated that adsorption was mainly
governed by intraparticle diffusion, was spontaneous and endothermic in nature,
and involved an increase in surface randomness, which was further supported by
FESEM images and EDS analysis, confirming effective dye attachment on the
adsorbent surfaces. The findings of this study demonstrate that both carbon
nanotubes and biochar exhibit high potential for the removal of organic dyes,
with the intraparticle diffusion mechanism playing a key role in the adsorption
process. Moreover, the good agreement of the Freundlich and Temkin models
with the experimental data indicates the heterogeneous nature of the adsorbent
surfaces.
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1. Introduction 2. Materials and methods
Synthetic dyes are among the most widely used CNTs and BC were employed as adsorbents in
chemicals in the textile, leather, paper, this study. The surface morphology and elemental
pharmaceutical, and plastic industries. A composition of the  adsorbents  were
significant fraction of these dyes is discharged systematically characterized using field emission
into aquatic environments through industrial scanning electron microscopy® coupled with
effluents, causing severe ecological and health- energy-dispersive  X-ray  spectroscopy’. The
related concerns. Cationic dyes, such as Crystal average particle sizes of CNTs and BC were
Violet', are particularly problematic due to their estimated to be approximately 26.32 nm and
high solubility, persistence, toxicity, and 72.09 nm, respectively, indicating a considerably
resistance to biodegradation. CV has been finer structure and higher surface accessibility for
reported to induce mutagenic and carcinogenic CNTs.
effects, as well as inhibit photosynthetic activity Batch adsorption experiments were carried out
in aquatic systems, even at low concentrations to evaluate the effects of key operational
(Mani_and Bharagava, 2016; Kolya and Kang parameters, including adsorbent dosage (0.25-2
2024). g/L), contact time (0-180 min), initial solution pH

Among various physicochemical treatment (3—11), temperature (298-318 °K), and initial dye
methods, adsorption is considered one of the most concentration. The solution pH was adjusted
effective and practical approaches for dye using diluted hydrochloric acid or sodium
removal owing to its simplicity, high efficiency, hydroxide solutions. Following the adsorption
operational flexibility, and absence of harmful by- process, the residual concentration of CV was
products. The performance of adsorption-based determined using a UV—Vis spectrophotometer at
processes strongly depends on the the  corresponding  maximum  absorption
physicochemical properties of the adsorbent, wavelength (Yang et al., 2024).
including surface area, pore structure, surface Adsorption kinetics were investigated using
functional  groups, and surface energy the pseudo-first-order, pseudo-second-order, and
heterogeneity. diffusion models. Equilibrium adsorption data

Carbon-based materials such as carbon were analyzed using the Langmuir, Freundlich,
nanotubes® and biochar® have attracted increasing and Temkin isotherm models to elucidate
attention as promising adsorbents for water and adsorption behavior and surface heterogeneity. In
wastewater treatment. CNTs possess an addition, thermodynamic parameters, including
extraordinary surface area, unique tubular Gibbs free energy change (AG®), enthalpy change
nanostructures, and strong n—7 interactions with (AH®), and entropy change (AS°®), were calculated
aromatic dye molecules, making them highly to determine the spontaneity, heat effects, and
effective adsorbents for organic pollutants interfacial disorder associated with the adsorption
(Ahmaruzzaman et al., 2025; Arora and Attri process (Lima et al., 2020).
2020). BC, on the other hand, is a low-cost,
environmentally  friendly, and sustainable
adsorbent produced from biomass through 3. Results and discussion
pyrolysis, with abundant surface functional FESEM images revealed that CNTs exhibited a
groups and porous structures (Manyd et al., highly entangled tubular network with a smooth
2018). surface, providing abundant adsorption sites and

Despite numerous studies on dye adsorption strong accessibility for dye molecules. In contrast,
using CNTs or BC individually, comparative BC displayed a heterogeneous and irregular
investigations focusing on adsorption behavior, porous structure with relatively larger particle
kinetics, ~ isotherms, ~ and  thermodynamic sizes. EDS analysis confirmed the dominance of
characteristics  of these two  carbonaceous carbon in both adsorbents and showed noticeable
adsorbents  under identical  experimental changes in surface elemental composition after
conditions remain limited. Therefore, the present adsorption, indicating successful attachment of
study aims to comparatively evaluate the CV molecules onto the adsorbent surfaces.
adsorption performance of CNTs and BC for the The effect of adsorbent dosage demonstrated
removal of CV from aqueous solutions, with that increasing the dosage led to a decrease in
particular emphasis on adsorption mechanisms adsorption capacity (mg/g) for both CNTs and
and controlling steps. BC, although the overall removal efficiency
; Crystal Violet (CV) * Field Emission Scanning Electron Microscopy (FESEM)
, Carbon Nanotubes (CNTs) ® Energy-Dispersive X-Ray Spectroscopy (EDS)

Biochar (BC)
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increased. This phenomenon can be attributed to
the aggregation of adsorbent particles and the
reduction in the ratio of dye molecules to
available active sites at higher dosages. An
optimal adsorbent dosage of 1 g/L was selected
for subsequent experiments.

Adsorption equilibrium was achieved within
approximately 90 minutes for both adsorbents,
suggesting a relatively rapid uptake of CV. The
initial rapid adsorption stage was followed by a
slower phase, which can be associated with
diffusion and gradual occupation of less
accessible adsorption sites.

The influence of solution pH in the range of 6
to 9 showed no significant variation in adsorption
efficiency, indicating that the adsorption of CV
onto CNTs and BC is relatively insensitive to pH
changes in neutral to slightly alkaline conditions.
This behavior suggests that electrostatic
interactions are not the sole governing mechanism
and that other interactions, such as n—x stacking
and hydrophobic interactions, play important
roles.

Kinetic modeling results revealed that the
diffusion model provided the best fit to the
experimental data for both adsorbents, as
evidenced by higher correlation coefficients. This
finding indicates that mass transfer resistance
within the pores of the adsorbents is the rate-
limiting step in the adsorption process. Similar
observations have been reported in recent studies
on dye adsorption using carbonaceous materials.

Isotherm analysis showed that the adsorption
of CV onto CNTs followed the Freundlich model
more closely, suggesting multilayer adsorption on
a heterogeneous surface with non-uniform energy
distribution. In contrast, the Temkin model
provided a better fit for BC adsorption data,
implying that adsorption heat decreases linearly
with surface coverage due to adsorbent—adsorbate
interactions. These differences can be attributed
to variations in surface morphology, functional
groups, and pore structures of the two adsorbents.
Thermodynamic analysis demonstrated that the
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adsorption process for both CNTs and BC is
spontaneous, as indicated by negative values of
AG°. Positive AH° values confirmed the
endothermic nature of adsorption, suggesting
enhanced dye uptake at higher temperatures.
Moreover, positive AS° values reflected an
increase in randomness at the solid—liquid
interface during adsorption, which may result
from the displacement of water molecules by dye
ions.

Recent studies published in the Water and
Wastewater Journal have also emphasized the
importance of adsorption-based processes using
carbonaceous materials for dye removal and
highlighted the role of adsorption mechanisms in
improving treatment efficiency.

4. Conclusion
This comparative study systematically evaluated
the adsorption performance of CNTs and BC for
the removal of CV from aqueous solutions. Both
adsorbents  demonstrated  high  adsorption
efficiency and favorable interaction with dye
molecules. CNTs exhibited superior adsorption
behavior following the Freundlich isotherm,
while BC adsorption was better described by the
Temkin model, reflecting differences in surface
heterogeneity and adsorption energy distribution.
Kinetic analysis revealed that diffusion
governs the adsorption process for both materials,
underscoring the importance of internal mass
transfer resistance. Thermodynamic findings
confirmed that the adsorption of CV is
spontaneous, endothermic, and accompanied by
increased disorder at the solid—solution interface.
Overall, the results suggest that both CNTs
and BC are promising adsorbents for the removal
of cationic dyes from contaminated water.
Considering the sustainability and cost-
effectiveness of BC alongside the high adsorption
capacity of CNTs, these materials can play
complementary roles in advanced wastewater
treatment applications.

VEE Jlo ol 5 0,50

Q



AV-NF i ¥ oylods F'F 0,98 codlsld g T @

28 S JBI 9 iy Srdglgl o1l (gldw io axiltas

d https://doi.org/10.22093/wwj.2025.550885.3517

e Jokoro 3 cdgrg Sl 7 <Ky Soo

TaSS (5 ol o pare | lgn azma (53040 b

olﬁl e 3 o olXails ‘6)')5L’.‘S oaSlails WS> (swdige 9 f,lc os)f ¢)L:..2..i|.>—\
Sh.Mahdavi@malayeru.ac.ir (Jgtue sazu5)

ulﬁ_l sﬁ)Ln Lﬁ)Lﬂ olXasls “5)')31.‘.‘5 oaSails oS5 (W 9 rs,lr. o,)f c..)..f-)| U...-L:..fs)lf LS)"":"'L) -Y
o|)._|_| e ;3o olKasls «539lsS ouSiiils « S (swige 9 p,ln “5)2501...3 ;AA,}.; =Y

18IS slanjly
JU5 (25 dolgil
«dgrg Jlows 5 w3
Joo o i
QA 049 3 S

Qe

Ve 8/ sl s
VE /N0 sl

VERR/O/Y 1 % dy

a ko il g oSl (5l 095 oS5 5
S bl oMl & jg0

oaSe

gl Bis o whd (rieo GLlay )3 (o g 5l oY I Clgrg Jlw 5 Wil JT (sl
Bl )3 () JU5 9 (M55 S APPU Bl 93 3,hes (lRgds (l 53 3,1 (3L 5 Cuedl Comny sl
FESEM (5L 905 51 OB (aaliowd a5 9yl Lr (caluoliod (6132 o (on 32 S Sl )5 ST
VYo ) JE (T2 g 5oogsl YY/YT LiayS sLalgdeil (61 €13 05131 pafilio s 03lisuo! EDS
Pl Led g (poled gl bl 593 Cilitsen lpad ) Do b Lol ol Cuws 43 YU pogls b yhogl
dla 590 (Wal3d1 L o1d Ll gu s Lol crad alldd A J3lad yloj g pd )3 0,5 ) Al 590 9 A
& 9 JLad sl 41 S s gSge o (A 51 (U o5 b o0 (BRI B9 i Cud b
Sl el S g ()5 Sl gl gdnigsd Jie o 31> (WS i (SBe Fgil (o) ol O3
55 4 (Qman) 3 Cud b 581 (o0 59501 G el )y (poleol 25yl 1) BLT (0 sy (St JE
2L 93 2 (Vb (U5 23 Uk g b g5l B Jte Julodi 1 (G j JKE5 9 ()5 dglail g1
Sgmii Jo 315 Uis (St (o y 0 Candls rda wslyd 13 il PH ol )l 399 S5y s )9 g0 Cansls
Jlod 8 (oo Wyl e al)3 55 (5550 (A5 5 JUT Cuydgaone g il 1y (155152 (2 552 (10,3039,
29l g (s (ol o GBI g Ml (392 S35 9 ;S Le,S Sl (Susludge S skl ly
o L aing Lauile ghaw p &) e Wi 0add WS j wis 51 yw EDS Ui g FESEM
995,15 (T SLass; Bis )3 (YL o155 (S S5 9 (1) dglsil OBl 93 2 31 (LS gy
SLadams angi B Bl (uiomod oS (o0 Wl e 213 55 (S I (510,393 398 pamsilSie
Sl BBl gl (Rodl Cadlo 0835 WS (2,25 SLodld b (1Sed g g 8

o iy PIBI 95 Dy 4 dlio pl 4 Elo ol (Sl p
29 ) JU) 9 (A5 SR 9I93L (1) (Slamlio dntloe ) T+ F o ST (6 00U €O .p )20 (o (53340
AV-ANE(YIVE ol g T (2T koo 3 cgn g Jlinm S S5y B>
https://doi.org/10.22093/ww;j.2025.550885.3517

© The Author(s).
This work is licensed under a Creative Commons Attribution 4.0 International License

Water and Wastewater

SNb 5 of 0
Q

Vol. 36, No. 3, 2025 VEF Jlo ¥ ooles ¥ 0550


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:Sh.Mahdavi@malayeru.ac.ir
https://doi.org/10.22093/wwj.2025.550885.3517
https://doi.org/10.22093/wwj.2025.550885.3517
https://doi.org/10.22093/wwj.2025.550885.3517
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

dx.doi.org/10.22093/ww;j.2025.550885.3517

ey gt JE3 5 S Sladlalyls IS (sleslio aslllas

L sla2aSes 5 (ol (835 Slos <l ulie U
Pl F5e ssba | G558 bS5, e (Sl BLS 5
.(Arora and Attri, 2020, Ahmaruzzaman et al., J_a>
2025)

o eSSl s S b wnl b e (AL )
a5l (St gladus sl (650 i sl L, 5
J=lomoslss (SLedbl 05 5mis 5 095 45 el sl 45 0ad
(lossrsss 358 Ly (g2l ¢ JUasl asle) oy a8
sledas s 5w 31 .(Revellame et al., 2020) wuns 0 1)
Cble o adasly oS 5 gdiss B seSY wile o 355
e s3 5, S o g | Ol Qi cb b 5 K5, el
S i (bt b (S5 0 Va L 4 ¥SG) Ll
.(Saadi et al., 2015) 45 \s

SLaosls (gl salizal 1 bue iy Slalllas
b o e s ol s sl S50 sl sl
Ol bl s s JLo5 5 S sladd J5b s See
U el mrasdls ot Lol s o 5 s lin
(ool ol 5 sl o lBle (O3ls 555 PH s oo 2l
Sl ol anl b e nl s (St badae gl 5S5e
Jmol mlsosd Jodos Cdon ln p g5 B e b
S ol wial o glapi (b s 0l e
N dsas s s slinad Cag sl LSSl 5 & ,0u0 i
el oad 6N gy S S5 slo S5y 2

lbufajj 9 b‘j-o —"
‘(Mercka.x_.a):ﬁﬁ )‘W&}_L?)Ca_jﬁﬁdt_@‘ﬁgi_:)
sl (o 5 U5 5 (A0 (o5 ) o olar aix (0 S sled J5U
L S0, e cias i 65 ST L b shwe 1S 02
s &-ujJuui%\-ﬁ)Td‘xﬁ“:#ﬁ,Jﬁpfgl:*\‘” bl
6\-&J:.A‘)L; ss.i_;);é..\_’Jﬁ uys\ew‘@‘)skr)ﬁ)}bg
jJ,meH ‘Lu‘&ﬂ.,b\g;hb“gsbcw@;\g&bm
o 2l aig Slade oo 2 55 ad e el 0l
5 B3 S w13l ey it s L el )L
sl 51 G o gl Sy Jls ;S S0, Cir cd b

Water and Wastewater

Vol. 36, No. 3, 2025

doddo -
C e Sy s gler 2 ey 2l mlio e ad)
Coalins o mlin 4 (5,5 by 5l (e 5 6 i ks
« Lol ol .( Heydari et al., 2022, Huang et al., 2025)
IS s a3 B 5 b JT LS e Jds
(AZlZ et al. AJ})L;& )\.«20 Ca....ij.l:::m u_f.sj.ﬂ CIL..A u.l).?r.@e
sle S, 51 s L 2025, Dayani Najafabadi et al., 2024)

S e Soslag )T sy bbbl ghls mw san YT
e S il e a3 5 L8] 5 4 palie Less
.(Ismail et al., 2019, Taha and acws 5515 ke 5 150
eSS 5l (S ol e o d s 5 Jis SGouda, 2025)
s 3 sl YL ol s 0 ,LS 5 GssS

Camols ghyls 55t a i T slala e 5l i
st O sl e 48 Eal ke Ca 5 2150
(Mani_and 138 (A slae s 5 5 ol cudhs
Gi> 5,51 Bharagava, 2016, Kolya and Kang, 2024)

S5t Sy G 3 o sl 50T S5
235 D s el 5

Sl Jdsy (b Dl ol i g B o 0o

3 S el sl oLl 5 YU LS S o

(Rashid et al., ol JI s S, Bix gl b iy, o555

s S icwlie O3l> Ol 2021, Bal and Thakur, 2022)

(Moteallemi et al., 2025) a=S s cpens | S5, B w8

5 s 5l 8 (S slnlr 4 3l gt
.(Rammal et al., 2025, Alfei .Slos S 4> 5 oS sbd U
and Zuccari, 2025)

Sloos 55 55, SIS Sl (5 S (glosle (g 5 S5

s b a5 03eS) O 53 55l gles > TG LS
Sl olbsesa, C.h.ﬂ shls el ol .(Manya et al., 2018)
5o deSnm 5 S p S asle Jlad Jule slasy 3 Jsdse
Sl i (3 4 1 o Sl YU e 5 5L
S on i et gy Jly S asle Mol S 5 Sis
el Sy e 55 oS sbed sl 5L (Huang et al., 2019)
sl sl S5 5 Sl o 4y s o a5

GTJMBJ%JT
\Y- ¥ JL‘:‘VG)W‘\‘; 099



dx.doi.org/10.22093/ww;j.2025.550885.3517

Ohl%e g (g9 b el Yoy

s Jlis S5 gl Sis 5l (F-) dssr
Table 1. Selected physicochemical properties of crystal violet dye

Chemical name

Tris(4-(dimethylamino)phenyl)methylium chloride

Molar mass

407.979 g/mol

Chemical structure

O cr
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) N
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Table 2. Adsorption isotherm and kinetic model equations

Model Equation

Parameter

_ qm-Ky.C

Langmuir =
1+ K,

Freundlich q =K. C%

Isotherm

Temkin

Pseudo-first-
order

Pseudo-second- g2.K,.t

Kinetic

Diffusion qe = kint®> +C

q = BlnKt + BInC,

g = ge(1 —e7¥1t)

order I g Kt

e q the adsorbed amount per adsorbent amount (mg/g)
® gqm Maximum sorption capacity (mg/g)

¢ Ky the Langmuir equilibrium constant (L/mg)

o C the concentration of adsorbed substance (mg/L)

¢ K¢ the Freundlich equilibrium constant related to the
total

o C adsorption capacity (mg/g)

¢ n the Freundlich equilibrium constant related to the
intensity of adsorption

o B is Temkin constant related to the heat of adsorption
measured in (kJ/mol)

o Ar is the empirical Temkin constant which denotes
the equilibrium binding constant related to the
maximum binding energy (L/mg).

o C, is the dye concentration at equilibrium (mg/g)

o q: the adsorption capacities at time t (mg/g)

e q. the adsorption capacities at equilibrium (mg/g)

e K; the pseudo-first-order rate sorption constant
(L/min)

o t time (min)

g the adsorption capacities at time t (mg/g)

* q. the adsorption capacities at equilibrium (mg/g)

e K; the pseudo-second-order rate sorption constant
(9/mg.min)

o t time (min)

e q: the adsorption capacities at time t (mg/g)

* q. the adsorption capacities at equilibrium (mg/g)

e K;, rate constant of intraparticle diffusion model
(9/mg.min)

o t time (min)
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Table 3. Adsorption kinetic parameters
Diffusion Pseudo-second-order Pseudo-first-order
Kind of adsorbent e e R’ K, e O R’ K, e
Biochar 0.6154 0.027 1.27 0.3723 1.073 1548 05935 -205.04 0.475
Carbon nanotube 0.9549  0.0903 5.904 0.7162 0.192 6.859 0.0006 0.001  0.602
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Table 4. Adsorption isotherm parameters
Temkin Freundlich Langmuir
Kind of adsorbent R® B Kt R® n Ke R’ K. Omax
Biochar 0.93 4.737 0.368 0.9175 0.327 0.02 0.823 -24.52  -0.488
Carbon nanotube 0.9012 6.635 0.899 0.9535 0.717 124 09349 -0.100 -8.810
Sy i (Sealys o5 sl el -0 J i
Table 5. Thermodynamic parameters of dye adsorption
Biochar Carbon nanotube
Temperature ASe AHe AGe ASe AH- AGe
(K) (J/mol.K) (kJ/mol) (kJ/mol) (J/mol.K) (kJ/mol) (kJ/mol)
288 -2318.91 -2288.83
293 -2361.89 -2333.90
303 8.1774 35.764 -2440.25 8.4477 144.51 -2409.55
313 -2523.71 -2499.66
323 -2606.09 -2585.99
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Fig. 12. FESEM images after crystal violet contaminant adsorption by (a) carbon nanotubes and (b) biochar
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