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Abstract

High levels of synthetic dyes like methylene blue (MB) in aquatic ecosystems
threaten both environmental stability and human health. This research investigates
MB adsorption using a composite material known as Carbon Quantum Dots/Zeolitic
Imidazole Framework-8 (CQDs/ZIF-8). The composite was made via hydrothermal
synthesis from sago waste and then modified with impregnation. To understand its
properties, the composite was analyzed using Scanning Electron Microscopy (SEM),
Fourier Transform Infrared Spectroscopy (FTIR), and Ultraviolet-Visible Spectroscopy
(UV-Vis). The composite adsorbed MB was observed by changing factors such as
initial dye concentration, amount of adsorbent, solution pH, and contact time.
Various models were used to analyze the data including linear and non-linear
isotherm models (Langmuir, Freundlich, Temkin, Dubinin-Radushkevich) and kinetic
models (Pseudo-First-Order, Pseudo-Second-Order, Elovich). Model accuracy was
analyzed using the coefficient of determination and error analysis. The best removal
rates were 88.60% at pH 10, 91.56% at 5 ppm MB concentration, 93.20% after 80 min,
and 82.64% with 30 mg of adsorbent. The non-linear Freundlich isotherm and
pseudo-second-order kinetic model fit the data best, with a very high correlation (R?
= 0.9993). Non-linear models are better suited for predicting how adsorption works
compared to linear ones.

Keywords Adsorption, CQDs/ZIF-8, Linear regression, Methylene blue, Non-linear
regression, Sago hampas

1 Introduction

Water pollution remains a pressing global challenge, harming ecosystems, endanger-
ing human health, and limiting access to clean water. Synthetic dyes are a major cul-
prit in degrading water quality worldwide. Over 100,000 dye varieties exist, prized for
their ability to impart lasting color and resist fading from sunlight, water, chemicals, and
microbes. This makes them indispensable in industries like textiles, food processing,
rubber, plastics, cosmetics, and pharmaceuticals. Methylene Blue (MB), a common cat-
ionic dye used in silk, wool, and cotton dyeing, poses particular risks: industrial effluents
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with high MB levels can devastate water sources if untreated. Colored wastewater blocks
light penetration, stifling photosynthesis in aquatic plants. Furthermore, MB is toxic,
carcinogenic, and mutagenic, causing respiratory issues, nausea, vomiting, diarrhea, and
skin irritation upon exposure [1]. Thus, developing efficient, eco-friendly methods to
remove MB from wastewater is critical.

Several treatments have been tested for MB removal, including photocatalysis, coag-
ulation, reverse osmosis, membrane filtration, and adsorption. Adsorption stands
out as the most effective because of cost-efficiency, easy to operate, and environmen-
tally benign [2]. The process binds dye molecules to adsorbent surfaces, with efficiency
depending on factors like initial dye concentration, pH, adsorbent dose, and contact
time. Prior research shows peak MB removal occurs at pH 10, 50 ppm initial concentra-
tion, 0.5-70 mg adsorbent doses, and 60—90 min contact times [3, 4].

Metal-Organic Frameworks (MOFs) have emerged as advanced adsorbents due to
their high porosity, tunable structures, and large surface areas. ZIF-8, a MOF wit a soda-
lite topology formed by linking 2-methylimidazole (Hmim) ligands to zinc ions (Zn**) is
particularly promising. It boasts exceptional chemical and thermal stability, in addition
of a high surface area and pore volume that boost dye adsorption [5, 6]. Studies report
varying MB capacities where Santoso et al. (2021) found 24.57 mg g for citric acid-
derived ZIF-8 was hard to recover from water and tends to clump, reducing its interfa-
cial area and performance [7-9].

To solve these issues, researchers modify ZIF-8 with carbon-based materials. Com-
posites merge carbon’s high surface area, conductivity, and porosity with MOFs’ struc-
tural benefits, improving adsorption and reusability [10]. Among carbon materials,
Carbon Quantum Dots (CQDs) chosen as they are very tiny (< 10 nm), spherical carbon
nanoparticles feature strong photoluminescence and abundant surface groups (-OH,
-COOH, -NH,) that attract dyes, heavy metals, and organics [11]. CQDs are non-toxic,
eco-friendly, and can be sourced from renewable biomass like sago waste [12], banana
peels [13], lemon juice [14], broccoli [15], and rice husks [16]. CQDs are synthesized via
top-down (e.g., laser ablation) or bottom-up (e.g., hydrothermal) methods. Top-down
approaches break down larger carbon structures but require expensive equipment.
Bottom-up methods like hydrothermal, microwave-assisted, or ultrasonic-assisted syn-
thesis are simpler, cheaper, and more sustainable [17]. Here, sago waste was chosen as
the biomass precursor for its high carbon content [18], and hydrothermal synthesis was
used for its simplicity, low cost, and environmental compatibility. The study’s goals were
to synthesize and characterize ZIF-8, CQDs, and their CQDs/ZIF-8 composite, assess
their MB adsorption performance, and clarify the adsorption mechanisms driving MB
removal.

2 Materials and methods

2.1 Pretreatment of sago waste

The sago waste used in this study was sourced from Mukah, Sarawak, and underwent a
pretreatment process before being utilized. First, the raw material was carefully washed
to remove any debris and then dried in an oven at 60 °C for a period of two days. Once
dried, the sample was mechanically crushed and ground down into small granules mea-

suring between 2 and 3 mm in size.
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2.2 Synthesis of CQDs

Carbon quantum dots (CQDs) were produced using a hydrothermal method, adapting a
procedure documented in existing literature [19]. The sago hampas was initially rinsed
to remove dust and other impurities, then dried in an oven at 60 °C for 48 h and sub-
sequently milled into a fine powder. Approximately 4.2 g of this powder was dispersed
in 40 mL of deionized water, followed by the addition of 4.5 mL of aqueous ammonia
under vigorous stirring. This resulting homogeneous suspension was placed into a 200
mL Teflon-lined stainless-steel autoclave and heated to 120 °C for 8 h. After the reac-
tion was completed, the autoclave was left to cool down to room temperature overnight.
The final mixture was then filtered and centrifuged at 15,000 rpm for 30 min. The clear
supernatant, which contained the CQDs, was collected for subsequent use.

2.3 Synthesis of CQDs/ZIF-8

The CQDs/ZIF-8 composite was prepared using an impregnation method [20]. The pro-
cess began by dissolving 4.5 g of 2-methylimidazole in 100 mL of methanol. In a sepa-
rate beaker, 2.5 g of zinc nitrate hexahydrate was combined with 4 mL of the previously
prepared CQD suspension. This solution was then poured into the 2-methylimidazole-
methanol mixture under vigorous stirring, which was maintained for one hour. The
combined dispersion was left overnight, after which the solid product was collected via
filtration and dried at 60 °C for several hours. Finally, the dried composites were rinsed
three times with deionized water to eliminate any residual reactants and then dried once
more before being used.

2.4 Characterization of CQDs/ZIF-8

For characterization, a Scanning Electron Microscopy (SEM) (JOEL, JSM-IT200, Japan)
was used to analyse the morphology of the composite. The functional groups present in
the samples were identified using Fourier Transform Infrared spectroscopy (FTIR) (iS10

Nicolet, Thermo Scientific, USA) over a wavenumber range of 4000 to 500 cm™!

using
KBr powder to prepare the samples. Additionally, X-ray Diffraction (XRD) was used to
observe the crystallographic structure of composite. The optical properties of the mate-
rials and the effect of MB removal by the CQDs/ZIF-8 under various conditions were

evaluated using UV-Vis Spectroscopy (Agilent Cary 60).

2.5 Adsorption studies of MB

The adsorption tests were performed using a digital orbital shaker set to 200 rpm. The
investigation focused on the effects of several parameters: initial MB concentration
(5-25 ppm), contact time (30—120 min), adsorbent dosage (10-50 mg), and pH (adjusted
using 0.1 M HCl or 0.1 M NaOH) [21]. For each test, 50 mL of MB solution was placed in
a centrifuge tube and processed at room temperature. After completing the adsorption
phase, the adsorbent was removed from the mixture, and the residual MB concentration
was quantified at 664 nm by using UV-Vis spectroscopy. The quantity of dye adsorbed
per gram of adsorbent (g,, mg g™') and the removal percentage (R, %) were calculated
using Eqgs. (1) and (2), respectively:

Gy -G

m

xV (1)

e
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Table 1 Linear and non-linear expression of adsorption kinetic models

Types of isotherm models ~ Non-linear expression Linear expression

Langmuir — 9mKpCe Ce _ 1 Ce 3
E ) deal = 1+ K[ C. deal (quF) + am ©

Freundlich Geal = KFC;/n Ingeqi =InKp + % InC, “

Temkin 9cal = (%) In (K1Ce) 9eal = %7: In K¢ + %7; InCe ©)

Dubinin-Radushkevich Qoal = qme B¢ Ingeq; = Ingm — Be? (6)

Table 2 List of linear and non-linear forms of kinetic models

Types of kinetic models Non-linear expressions Linear expressions
Pseudo-first order @ = qe (1 _ e*klt) In (%) =kt )
Pseudo-second order kot t - _1 L ()
qt = 1_?_;1812,5 qt — kag? T
L O e
Co— G
0

where Co(mg/L) is the initial concentration of MB dye before adsorption, and Ci (mg/L)
is the concentration of MB after adsorption has occurred. The variable m (g) represents
the mass of the adsorbent used, and V (L) is the volume of the MB solution.

2.6 Adsorption isotherm studies of MB

The equilibrium relationship between the solid adsorbent and the liquid solution was
analyzed using adsorption isotherm models. These experiments were carried out with
initial MB concentrations ranging from 5 to 25 ppm, while maintaining 10 mg of CQDs/
ZIF-8 dosage, pH 10 for the initial dye concentration, and a contact time of 120 min. The
following isotherm models, detailed in Table 1, were applied:

o Langmuir isotherm: This model presupposes monolayer adsorption onto a
homogeneous surface.

« Freundlich isotherm: This model describes adsorption on a heterogeneous surface.

+ Temkin isotherm: This model accounts for interactions between adsorbate molecules
and assumes a linear decrease in the heat of adsorption.

+ Dubinin-Radushkevich (D-R) isotherm: This model characterizes physical adsorption

within porous structures.

In the models, g,,; (m g™') is the calculated adsorption capacity, g,,,, (mg g') is the
optimum adsorption capacity for MB, and C, (mg/L) is the equilibrium concentration of
MB. The parameter # indicates the favorability of the adsorption process in the Freun-
dlich model, while B; represents the maximum binding energy. The constants K, K K,
and K, correspond to the adsorption equilibrium constants for their respective models.

2.7 Adsorption kinetic studies of MB

The kinetics of the adsorption process were investigated over contact times ranging
from 20 to 120 min, using a fixed initial MB concentration of 5 ppm, an adsorbent dos-
age of 10 mg, and a pH of 10. The experimental data were analyzed using the follow-
ing listed models including linear and non-linear forms of which are provided in Table 2
(Egs. 7-9). The equations define ¢, (mg g"') as the theoretical MB uptake at equilibrium,
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¢ (min) as the elapsed contact time, C; and C, as the initial and time-specific adsorbate
concentrations, and q, (mg g™*) as the amount adsorbed at a given ¢. The pseudo-first-
order and pseudo-second-order kinetics are characterized by the constants k; (min™")
and k, (g mg™! min™'), respectively. In Elovich framework, & (mg g™! min™") represents
the initial adsorption rate, while 8 (g mg™') denoted the desorption coefficient.

2.8 Error analysis

The accuracy of the applied models was assessed using both linear and non-linear
regression analyses. The performance of each model was measured with three statistical
metrics: the coefficient of determination (R?), the sum of squared errors (SSE), and the
root mean square error (RMSE) [22]. A model is considered to have a better fit when it
demonstrates a higher R* value concurrently with lower SSE and RMSE values. The for-
mulas for these metrics are provided in Table 3 (Egs. 10-12).

3 Results and discussions

3.1 Characterization of composites

3.1.1 SEM

The morphology and surface characteristics of the synthesized materials were analyzed
using Scanning Electron Microscopy (SEM) at magnifications of x2000 and x5000. Fig-
ure la illustrates the morphology of sago hampas granules, which present as spherical to
oval particles with highly irregular and non-uniform sizes. The CQDs display a markedly
rough and uneven surface, a texture that can be ascribed to the vigorous mechanical and
chemical pre-treatment processes. These steps may have disrupted the cell wall struc-
ture, giving rise to a coarse and irregular surface morphology, as illustrated in Fig. 1b.

Furthermore, SEM micrograph of ZIF-8 (Fig. 1c) shows a distinct rhombic dodeca-
hedron shape with sharp edges and relatively small, evenly distributed particles. In
the CQDs/ZIF-8 composite (Fig. 1d), both materials retained their individual struc-
tural morphology. However, the CQDs were observed to be smaller and uniformly
anchored onto the surface of ZIF-8, signifying successful hybridization between the two
components.

After adsorption of the MB dye removal (Fig. le), CQDs/ZIF-8 adsorbate surface
became noticeably rougher compared to the pristine composite. This increased rough-
ness is attributed to the accumulation of MB molecules at the active sites, confirming the
efficient adsorption of dye molecules onto the CQDs/ZIF-8 framework.

3.1.2 FTIR analysis

The spectrum of CQDs have revealed a series of distinct peaks, each attributable to
different functional groups, as shown in Fig. 2 [23]. The broad around 3475 cm™' was
assigned to O-H stretching vibrations, indicating the presence of hydroxyl groups

Table 3 List of error functions and expressions

Error functions Error function expressions
. . . 2 n
Coefficient of determination (R) Z;:1 (qwzchxpf (10)
Zi:l (QCal*Qexp)Z
Sum of the squares of the error (SSE) Z?_l (Gexp — qcal)Z an

Root means square error (RMSE) S (dexp—teat)? (12)
i=1 ca




Awang Chee et al. Discover Water (2026) 6:13

10kV  X2,000 10pm 0000 1130 SEl

5 RN =

X2,000 10pm 0000 11 30SEl

X2,000 10pm 0000 11 30 SEI

10kV ©. X2,000 10pm 0000 11 30 SEI

Fig. 1 SEM images of a sago hampas, b CQDs ¢ ZIF-8, d CQDs/ZIF-8 before adsorption and e CQDs/ZIF-8 after

adsorption at magnification of 2000x and 5000x

10kV  X5,000 Spm

10kV  X5,000 Spm

(c2)

0000 11 30 SEI

0000 11 30 SEI
4

#5
: \ . fr ;
3

,
=
-

10kV  X5,000 _5pm 0000 11 30 SEI

10kVa, X5,000  5um

40KV ~'X5,000 5pm

0000 11 30 SEI

A

i1 SR

Page 6 of 20



Awang Chee et al. Discover Water (2026) 6:13 Page 7 of 20

3475 2051 16411581 1388 1143 754 682

o\ i

S

" Viaam
2

©

é (b) I/\/\A/\'\\/
[72]

& l

|_

(a)

= I . I v ] v L] = L] . L]
4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm™)
Fig. 2 FTIR spectra of a sago hampas, b CQDs, ¢ ZIF-8 and d CQDs/ZIF-8

capable of forming hydrogen bonds or engaging in electrostatic interactions with cat-
ionic dye molecules such as MB. Furthermore, the peaks at 1388 cm™, 2054 cm™" and
754 cm™! corresponded to C = C and C-H stretching vibrations, representing aromatic
and aliphatic carbon structures that can facilitate m—m interactions with the aromatic
rings of MB [24].

However, for ZIF-8 the distinctive peak at 682 cm™! was attributed to Zn-N stretch-
ing vibrations, confirming the coordination between zinc ions and imidazole linkers.
Additional bands appearing at 754 cm™}, 1143 cm™' and 1581 cm™ were assigned to
C-H, C-N and C = N stretching vibrations, respectively [25]. These functional groups
are essential for adsorption, as Zn-N sites can attract negatively charged Mb groups via
electrostatic interactions.

The CQDs/ZIF-8 composite’s FTIR spectrum displayed characteristic peaks corre-
sponding to both CQDs and ZIF-8, confirming their successful integration. The presence
of hydroxyl (-OH) and carbonyl (C =0O) groups from CQDs, along with Zn-N coordina-
tion from ZIF-8, indicates multiple adsorption mechanisms, including hydrogen bond-
ing, electrostatic attraction, and n— stacking between MB molecules and the composite
surface. These synergistic effects collectively enhance the overall adsorption capacity of
the CQDs/ZIF-8 material.

3.1.3 XRD analysis

The XRD patterns of CQDs, ZIF-8, and CQDs/ZIF-8 are shown in Fig. 3. The CQDs
exhibited a broad diffraction peak around 28 =~ 23°, suggesting their amorphous
nature and the formation of extremely small crystallite domains [26]. The broad peak
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Fig. 3 The XRD pattern of CQDs, ZIF-8 and CQDs/ZIF-8

is consistent with the Scherrer equation (Eq. 13), which states that diffraction peaks
broaden as crystallite size decreases.

For ZIF-8, several sharp diffraction peaks were detected in the 5°-45° range, with
prominent reflections at 10.10°, 12.26°, 14.22°, 16.12°, and 18.08°, corresponding to the
(011), (002), (112), (022), and (013) planes, respectively. These peaks confirm the for-
mation of a highly crystalline ZIF-8 structure [27]. The XRD pattern of CQDs/ZIF-8
showed similar diffraction peaks to that of pure ZIF-8, verifying that the crystalline
framework of ZIF-8 remained intact after CQD incorporation. The absence of a distinct
CQD peak can be attributed to their low crystallinity and uniform dispersion within the
ZIF-8 matrix. The sharp, well-defined peaks in both ZIF-8 and CQDs/ZIF-8 indicate
that the composite maintains high crystallinity [11, 23].

The crystallite size of CQDs/ZIF-8 was calculated using the Scherrer equation:

KX
" Bcosb

(13)

when K'=0.9 is the shape factor, 1 =1.5406 A is the X-ray wavelength (Cu Ka), j is the
full width at half maximum (FWHM) in radians, and 0 is the Bragg angle. Based on the
most intense diffraction peak at 20=17.98° with FWHM =0.130°, the calculated crys-
tallite size was approximately 61 nm. This nanoscale crystallite dimension supports
the presence of well-structured ZIF-8 domains and indicates that the incorporation of
CQDs did not disrupt the crystallinity of ZIF-8. The small crystallite size contributes
to an enlarged surface area and increased availability of active sites, which are advanta-
geous for dye adsorption applications.
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Fig.4 Comparison of UV-Vis spectra for CQDs, ZIF-8 and CQDs/ZIF-8

3.1.4 UV-Vis analysis
The optical characteristics of the synthesized materials were investigated using a UV-
Vis spectrophotometer, as illustrated in Fig. 4. The CQDs displayed a distinct absorption
peak near 275 nm, corresponding to the n — 7* and 7w — 7* electronic transitions associ-
ated with the C = O and C = C bonds, respectively [28, 29]. This characteristic absorp-
tion indicates the successful formation of CQDs containing conjugated carbon domains
and oxygen-bearing functional groups. In contrast, ZIF-8 exhibited no significant
absorption in the UV region, consistent with its weak light-absorption capacity due to its
wide band gap. The CQDs/ZIF-8 composite showed a faint absorption peak around 275
nm, similar to that of pure CQDs, confirming that CQDs were successfully incorporated
onto the ZIF-8 surface without altering their intrinsic optical characteristics [30].
Furthermore, both CQDs and CQDs/ZIF-8 displayed strong fluorescence emissions
under UV illumination, as shown in Fig. 5, respectively. The fluorescence behavior of
CQDs arises from their quantum confinement effect and surface passivation, while the
preserved luminescent property in the composite suggests efficient electronic interac-
tion between the CQDs and the ZIF-8 framework. The observed optical activity not
only confirms successful CQD incorporation but also implies potential photo-activated
adsorption behavior. The photo-excited electrons and holes generated within the CQDs
under UV or visible light may enhance dye degradation or adsorption efficiency through
synergistic photochemical effects.
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Fig. 5 The a CQDs solution and b CQDs/ZIF-8 composite under (1) visible light and (2) UV light with the wave-
length of 365 nm

3.2 Effects of parameters on adsorption of MB dye

The adsorption capacity and removal efficiency of MB were analyzed under different
experimental parameters, including pH, initial dye concentration, contact time, and

adsorbent dosage.

3.2.1 Effect of initial MB pH on solution properties
Figure 6 illustrates the influence of pH (2-10) on MB removal using 10 mg of adsorbent,
a 120 min contact time, and an initial MB concentration of 5 ppm.

An increase in pH from 2 to 10 significantly improved MB removal efficiency, rising
from 19.12% to 88.60%, while the adsorption capacity increased from 6.57 mg g™! to
30.42 mg g '. At lower pH, an excess of H" ions competes with the positively charged
MB molecules for adsorption sites, leading to reduce adsorption performance [31].
Moreover, at higher pH levels, the oxygen-containing functional groups on CQDs/
ZIF-8 undergo deprotonation, generating a negatively charged surface that enhances
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electrostatic attraction toward cationic MB molecules. This surface charge transforma-

tion accounts for the improved adsorption capacity and removal efficiency under alka-

line conditions [14].
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Fig. 9 Contact time impact on MB removal efficiency and adsorption capacity of CQDs/ZIF-8 (10 mg adsorbent,
50 mL, pH 10,5 ppm)

3.2.2 Effect of initial MB concentration on solution properties

Figure 7 depicts the impact of the initial MB concentration on adsorption behavior
under fixed conditions (10 mg adsorbent, pH 10, 120 min contact time). As the MB
concentration increased from 5 ppm to 25 ppm, the removal efficiency decreased from
91.6% to 76.0% due to saturation of available adsorption sites at higher dye loading. Con-
versely, the adsorption capacity increased with concentration, reaching a maximum
of approximately 89.9 mg g™! at 25 ppm, as more dye molecules occupied active sites
in the adsorbent surface. This inverse relationship, higher capacity but lower percent-
age removal, correlates with adsorption-site saturation [32]. Figure 8 shows the colour

changes of MB before and after adsorption test.
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3.2.3 Effect of contact time of MB removal and solution properties

Figure 9 shows how varying contact time (20-120 min) affects MB adsorption when 10
mg of CQDs/ZIF-8 was used at pH 10 and an initial dye concentration of 5 ppm. Dur-
ing the first 20 min, dye uptake increased sharply, achieving an adsorption capacity of
29.30 mg g ' and a removal efficiency of 93.20%. This rapid initial phase is attributed to
the abundance of vacant active sites on the adsorbent surface. As contact time increases,
adsorption slowed, reaching equilibrium around 80 min with capacity of 30.44 mg g™
and removal efficiency of 96.88%. The plateau at this stage indicates near-saturation of
available binding sites, where further adsorption becomes limited. The overall kinetic
process thus shows an initial diffusion-driven phase followed by site saturation typical of
chemisorption behavior [33, 34].

3.2.4 Effect of adsorbent dosage on MB removal

Figure 10 illustrate how adsorbent dosages (10-50 mg) affecting the MB removal effi-
ciency and adsorption capacity at pH 10 and an initial MB concentration of 5 ppm. As
the adsorbent mass increased, removal efficiency improved, reaching a maximum of
82.64% at 30 mg. This enhancement is associated with the increased surface area and
the availability of more active sites and pores for MB adsorption [35-37]. However, as
the dosage rose from 10 mg to 50 mg, the adsorption capacity declined markedly from
23.78 mg g~! to 5.09 mg g~' demonstrating the inverse relationship between dosage and
adsorption capacity [38]. In addition, the removal efficiency modestly dropped from
82.64% to 81.69% when dosage increase beyond 30 mg, indicating that 30 mg represents
the optimal amount for maximum MB removal.

25 100
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Fig. 10 Adsorbent dosage impact on MB removal efficiency and adsorption capacity of CQDs/ZIF-8 (80 min, 50
mL, 5 ppm, pH 10)
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3.3 Adsorption isotherm analysis
Linear and non-linear adsorption were evaluated (Fig. 1la—e), and the correspond-
ing error-function metrics are compiled in Table 4. These error analyses were used to
determine which isotherm model provided the best fit based on minimum error val-
ues. Among the linearized models (Fig. 11a—d), the Freundlich isotherm exhibited the
highest correlation coefficient (R? = 0.9484), while the Langmuir, Temkin, and Dubinin-
Radushkevich (D-R) models showed lower R? values of 0.8419, 0.8552, and 0.6601,
respectively. The Freundlich model also produced the smallest sum of squared errors

Page 14 of 20
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Table 4 Data obtained from linear and non-linear isotherm models
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Model Parameter Value
Langmuir Linear Im 46.00
K, 2.68
R 0.8419
SSE 207.46
RMSE 6.44
Non-linear m 146.70
K, 0.25
R? 0.9595
SSE 17741
RMSE 5.96
Freundlich Linear n 2.07
Kr 36.08
R? 0.9484
SSE 94.64
RMSE 435
Non-linear n 1.63
Kr 30.68
R? 0.9863
SSE 60.06
RMSE 347
Temkin Linear By 24.83
Ky 463
R 0.8552
SSE 272.02
RMSE 7.38
Non-linear By 38.83
Ky 1.70
R? 0.8642
SSE 272.02
RMSE 738
Dubinin-Radushkevich Linear Im 70.81
Kog 138x1077
R? 0.6601
SSE 855.98
RMSE 13.08
Non-linear 9 76.38
Kop 1.24
R 06165
SSE 76841
RMSE 12.40

(SSE) and root mean square error (RMSE) values, further validating its superior fitting

performance.

When comparing linear and non-linear isotherm analyses, the non-linear models

exhibited consistently lower error values, indicating a better fit overall. Among them, the

Freundlich model again proved most suitable, achieving an R* of 0.9863, compared to

the Langmuir (0.9595), Temkin (0.9642), and D-R (0.6165) models.

The dominance of the Freundlich isotherm indicates that MB adsorption onto CQDs/
ZIF-8 occurs on a heterogeneous surface with multilayer adsorption behavior. This

agrees with the surface characteristics of the composite, in which CQDs introduce mul-

tiple active functional groups (-OH, -COOH, -NH,) exhibiting varied affinities toward
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MB molecules. These sites enable diverse adsorption mechanisms, including electro-
static attraction between negatively charged groups and cationic MB, n—m interactions
between aromatic structures, and surface complexation involving Zn-N sites within
ZIF-8.

3.3.1 Adsorption kinetics analysis

The MB adsorption kinetics were fitted with pseudo-first-order, pseudo-second-order,
and Elovich models (Fig. 12a—d) and the kinetic parameters derived from each model
are summarized in Table 5.

Form the linear kinetic plots (Fig. 12a—c), the pseudo-second-order model provided
the best fitted with R? of 0.9995, whereas the pseudo-first-order and Elovich models
yielded much lower R? values of 0.4506 and 0.1138, respectively. The pseudo-second-
order model also exhibited the smallest SSE and RMSE values, indicating an excellent fit
for describing the adsorption behavior.

The non-linear kinetic analysis (Fig. 12d) revealed similar results where the pseudo-
second-order model also achieved the most best-fitter R? of 0.9993, surpassing the
pseudo-first-order (0.9963) and Elovich (0.9955) models. The calculated maximum
adsorption capacity (30.18 mg g 1) was closely matched the experimental value (30.44
mg g!), confirming strong agreement between theoretical predictions and experimental
data. According to Table 5, non-linear models consistently showed lower error values
than their liner plots, emphasizing that the non-linear pseudo-second-order model most
accurately represents the adsorption kinetics of MB onto CQDs/ZIE-8.
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Fig. 12 The adsorption kinetic linear models a Pseudo-First-Order, b Pseudo-Second-Order, ¢ Elovich and d non-
linear model on the adsorption capacity of MB
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Table 5 Data obtained from linear and non-linear kinetic models
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Model Parameter Value
Pseudo-first order Linear Ge 949
K, -645%107°
R’ 04506
SSE 438.90
RMSE 8.55
Non-linear Ge 29.83
K, 0.14
R? 0.9963
SSE 237
RMSE 0.63
Pseudo-second order Linear Ge 29.98
K, 030
R 0.9995
SSE 0.21
RMSE 0.18
Non-linear G 30.18
K, 0.06
R 0.9993
SSE 047
RMSE 0.28
Elovich Linear B 28.54
a 0.32
R 0.1138
SSE 883.30
RMSE 12.13
Non-linear B 9.34
a 0.74
R? 0.9955
SSE 2.86
RMSE 0.69
Table 6 The comparison of previous study for methylene blue dye removal
Adsorbent Adsorption capacity (mg g™') References
Ag,S/GO/CQDs 348 [39]
CQD/CNT 2994 [40]
rPET/MWNT/CQD 1245 [41]
MK/CQD 154.07 [42]
Leaf shaped ZIF-8 205 [43]
ZIF-8 25 [44]
ZIF-8 242 [5]
Fe,0,/ZIF-8 20 [45]
CQDs/ZIF-8 89.92 This study

The excellent fit of the pseudo-second-order model indicates that chemisorption pre-

dominates, where adsorption depends on the number of active sites and the process

entails electrons being shared or transferred between the dye molecules and the func-

tional groups on CQDs/ZIF-8. Specifically, nitrogen- and oxygen-containing groups
(-NH, -OH, -COOH) in CQDs and Zn-N coordination sites in ZIF-8 participate in
strong chemical interactions such as surface complexation, hydrogen bonding, and elec-

trostatic attraction with MB molecules. These interactions enhance the stability of the

adsorbed layer, confirming that the process follows a chemisorption mechanism.
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3.4 A comparative studies of MB adsorption efficiencies across different adsorbents

Table 6 summarizes the MB dye’s adsorption capacities on various adsorbents studied by
previous researchers alongside the present work. The CQDs/ZIF-8 composite exhibited
an adsorption capacity of 89.92 mg g™!, which was significantly higher than Fe;O,/ZIF-8
(20 mg g*) and rPET/MWNT/CQD (12.45 mg g ') and comparable to CQD/CNT (299
mg g !). These differences stem from the varying surface areas, pore structure, and the
abundance of active functional groups among adsorbents.

The relatively high adsorption capacity of CQDs/ZIF-8 can be attributed to the syn-
ergistic interaction between CQDs and the ZIF-8 framework. Incorporation of CQDs
introduces oxygen- and nitrogen-containing functional groups (-OH, -COOH, -NH,),
which enhance surface polarity and create additional binding sites for MB through
hydrogen bonding and electrostatic interactions. Meanwhile, ZIF-8 contributes a large
surface area and microporous structure that facilitates m—m interactions between the
imidazolate rings and the aromatic MB molecules.

Although certain nanocomposites, such as Ag,S/GO/CQDs, display even higher
adsorption capacities, these materials often require costly or non-sustainable precursors.
By contrast, the present CQDs/ZIF-8 composite was synthesized from sago waste, offer-
ing an environmentally friendly and cost-effective alternative with excellent adsorption
efficiency. Thus, this material demonstrates strong potential for sustainable dye-removal
applications, combining high performance with ecological and economic benefits.

4 Conclusions

Successful synthesis of CQDs and CQDs/ZIF-8 composites was achieved by employing
hydrothermal and impregnation techniques, as verified by SEM, FTIR, XRD, and UV-Vis
analyses. Optimal conditions for MB removal were established at an initial dye concen-
tration of 5 ppm, pH 10, 80 min contact time, and 30 mg adsorbent dosage. Regression
analysis indicated that non-linear models provided a better fit than linear ones, with the
Freundlich isotherm best describing equilibrium adsorption and the pseudo-second-
order model accurately representing the kinetics, both showing high R?* and low SSE/
RMSE values. The remarkable adsorption performance of CQDs/ZIF-8 stems from its
heterogeneous surface and abundance of active functional groups, which enable mul-
tiple dye-adsorbent interactions. Overall, this study demonstrates that CQDs/ZIF-8 is a
promising, sustainable, and cost-effective material for efficient dye removal in wastewa-
ter treatment applications.
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