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A B S T R A C T

A sustainable approach for treating 2,4-dichlorophenoxyacetic acid (2,4-D) in acidic industrial wastewater was 
investigated by leveraging its naturally low pH characteristics. The adsorption performance of bare carbon black 
(CB) under acidic conditions was evaluated in comparison with 3-aminopropyltriethoxysilane (APTES)-modified 
CB, while exploring the integration of waste-derived sodium hydroxide (NaOH) for final pH adjustment. The 
results showed that optimal 2,4-D removal was achieved by bare CB at pH 2, aided by hydrogen bonding, 
electrostatic interactions, and Lewis acid–base interactions working synergistically. At pH 2, the maximum 
sorption capacity of 14 mg/g was observed at an optimal CB dose of 4.5 g/L. While APTES-modified CB at pH 4 
had a 3.63-times higher sorption capacity, our life-cycle assessment revealed that utilizing bare CB under 
naturally acidic conditions coupled with waste-derived NaOH reduced the global warming potential by 27 % 
compared to using APTES-modified CB with fresh NaOH. This reduction primarily resulted from avoiding energy- 
intensive modification processes and utilizing waste-derived chemicals. The approach also decreased operational 
costs by 35 %. The adsorption process followed the Freundlich isotherm and pseudo-second-order kinetic models, 
indicating multi-layer adsorption and chemisorption mechanisms. This research demonstrates that integrating 
naturally occurring acidic conditions with waste-derived materials can enhance both environmental and eco
nomic sustainability in treating industrial wastewater under challenging pH conditions, supporting circular- 
economy principles in wastewater treatment.

1. Introduction

2,4-dichlorophenoxyacetic acid (2,4-D) is extensively utilized 
worldwide as a key ingredient in approximately 1500 agricultural and 
home-use herbicides, functioning as a mimic of natural plant auxins to 
regulate plant growth [1,2]. Its widespread application spans across 
developed and developing nations, with significant production volumes 
reported in various countries. For instance, China produced 40,000 tons 
of 2,4-D in 2010, while Brazil consumed 57,389.35 tons in 2017, ranked 
as their second most-used pesticide after glyphosate [3,4]. Notably, in 
Thailand, particularly in the flatlands of Nakhon Sawan province, 2,4-D 
usage is pronounced, particularly in the cultivation of sugarcane and 
cassava [5].

Despite its widespread application, numerous studies have under
scored the adverse effects of 2,4-D on both animal and human health. It 
is classified as a moderately hazardous substances (in Group II of the 
World Health Organization classification), with a median lethal dose 
range of 138 to 150 mg/kg in rats [6]. Furthermore, 2,4-D is identified as 
a human carcinogen and an endocrine disruptor [5,6].

A critical environmental challenge has also emerged from 2,4-D 
production facilities, which generate highly acidic wastewater (pH ≈
1.0) containing elevated concentrations of 2,4-D (40–6000 mg/L), and 
have a high chemical oxygen demand (20,000–40,000 mg/L) and 
chloride content (17,000–30,000 mg/L) [7]. Inadequate treatment of 
such contaminated effluents can lead to the contamination of surface 
water sources [1,5,8]. Due to its high water solubility (33,900 mg/L) 

* Correspondence to: K. Soratana, Faculty of Logistics and Digital Supply Chain, Naresuan University, Phitsanulok 65000, Thailand.
** Correspondence to: T. Phenrat, Department of Civil Engineering, Faculty of Engineering, Naresuan University, Phitsanulok 65000, Thailand.

E-mail addresses: kullapas@nu.ac.th (K. Soratana), pomphenrat@gmail.com (T. Phenrat). 

Contents lists available at ScienceDirect

Journal of Water Process Engineering

journal homepage: www.elsevier.com/locate/jwpe

https://doi.org/10.1016/j.jwpe.2025.108137
Received 1 February 2025; Received in revised form 20 May 2025; Accepted 9 June 2025  

Journal of Water Process Engineering 76 (2025) 108137 

Available online 25 June 2025 
2214-7144/© 2025 Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:kullapas@nu.ac.th
mailto:pomphenrat@gmail.com
www.sciencedirect.com/science/journal/22147144
https://www.elsevier.com/locate/jwpe
https://doi.org/10.1016/j.jwpe.2025.108137
https://doi.org/10.1016/j.jwpe.2025.108137


and low volatility (vapor pressure 1.4 × 1− 7 mmHg), 2,4-D poses a 
significant threat for surface water contamination compared to other 
environmental media. Exhibiting notable environmental persistence, 
2,4-D demonstrates a half-life ranging from 15 to 312 days in aqueous 
environments. In natural settings, beyond its inherent toxicity, 2,4-D 
undergoes degradation processes that transform it into other harmful 
substances. Aerobic organisms, such as Azotobacter chroococcum and 
fungi [1], play crucial roles in breaking down 2,4-D, sequentially con
verting it into 2,4-dichlorophenol (2,4-DCP), 4-chlorophenol, and 2,4- 
dichloro-cis,cis-muconate [1,6], all of which are also toxic. Anaerobic 
processes similarly contribute to 2,4-D degradation, transforming it into 
2,4-DCP and carbon dioxide. However, the microbial degradation of 2,4- 
D is limited, emphasizing the need to prevent its release into the envi
ronment to mitigate adverse impacts on both animal and human health.

To address the need for environmental protection and to meet 
stringent groundwater and drinking water standards (the 30 μg/L 
threshold for 2,4-D in Thailand [5] and the 100 μg/L threshold for 2,4-D 
in Canada [9]), the demand for cost-effective and sustainable treatment 
methods for industrial wastewater contaminated with high concentra
tions of 2,4-D has increased. Moreover, the inherently low pH charac
teristic of 2,4-D wastewater necessitates the development of unique 
treatment approaches that can effectively operate under acidic condi
tions because conventional neutralization requires substantial quantities 
of chemicals and generates additional waste streams.

Recent studies have explored various advanced treatment ap
proaches, including nanoscale MIL-53(Al) (removal efficiency 83 %), 
magnetic nanoparticles with amino functional groups (Fe3O4@SiO2- 
NH2), and carbon nanotubes (removal efficiency 97.96 %) [10–12]. 
However, these advanced materials require a pH adjustment to neutral 
or near-neutral conditions in addition to their complex synthesis pro
cedures involving multiple chemical steps, potentially increasing both 
operational costs and environmental impacts.

Among carbon-based sorbents applicable in 2,4-D removal, carbon 
black (CB) is emerging as a promising sustainable solution, particularly 
when derived from waste tires through pyrolysis. Carbon black offers 
significantly lower carbon dioxide (CO2) emissions (2.19 tons per ton of 
CB) compared to other adsorbents, such as granular activated carbon (20 
tons), multi-walled carbon nanotubes (210 tons), and single-walled 
carbon nanotubes (480 tons) [13–15]. Previous research, focusing pri
marily on adsorption efficiency and innovation, has investigated CB 
modified with aminopropyltriethoxysilane (APTES) at pH 4, achieving a 
2.5-times higher sorption capacity than bare CB [16]. However, no 
comparative analysis in terms of sustainability and cost-effectiveness of 
APTES-modified CB versus bare CB at low pH values has been 
performed.

Drawing insights from sustainable waste management practices, as 
demonstrated by Mooheng et al. [44], who achieved significant cost 
reductions and environmental benefits through waste-derived chemical 
utilization, the application of bare CB at low pH for 2,4-D removal with 
waste-derived sodium hydroxide (NaOH) for final pH adjustment was 
inspired by their study while also being revised for use in this research. 
Mooheng et al. [44] showed that utilizing hydrochloric acid (HCl) waste 
in regenerating oil-contaminated sludge from metalworking fluid 
wastewater treatment via dissolved-air flotation reduced sludge disposal 
and coagulant costs by 15 % and diminished the global warming po
tential (GWP) by 80 % compared to conventional methods. This research 
suggests the potential that employing bare CB under acidic conditions, 
followed by neutralization with waste-derived NaOH, could offer similar 
environmental and economic advantages.

Therefore, this study examined: (1) the comparative techno- 
economic performance of bare CB under acidic conditions versus 
APTES-modified CB at the optimal pH; (2) the mechanisms and effi
ciency of 2,4-D adsorption onto CB under acidic conditions; and (3) the 
environmental and economic implications of using waste-derived alka
line materials for final pH adjustment. This research addresses the 
growing need for sustainable treatment methods that align with circular- 

economy principles while effectively managing industrial wastewaters 
with challenging pH conditions.

2. Materials and methods

To enable a comprehensive sustainability assessment comparing 
bare CB with waste-derived alkaline materials versus APTES-modified 
CB for 2,4-D removal, new experimental investigations and existing 
data from the literature were combined. While APTES-modified CB has 
been thoroughly characterized and its 2,4-D removal efficiency well 
documented at pH 4 [16], understanding the performance of bare CB 
under acidic conditions is still limited. Hence, the experimental studies 
on 2,4-D sorption with bare CB were thoroughly conducted by exam
ining its physical and chemical characteristics, pH-dependent behavior, 
and operating parameters.

For the comparative assessment with APTES-modified CB, we uti
lized the established synthesis protocol and removal efficiency data from 
Legocka et al. [16], who reported comprehensively on material prepa
ration, operating conditions, and treatment performance. The informa
tion to conduct comparative analyses of operational costs and 
environmental impacts, particularly the GWP, for both treatment ap
proaches was sufficiently obtained from the existing dataset combined 
with the new experimental results for bare CB in this research. The 
following sections detail our experimental methods for bare CB char
acterization and 2,4-D removal, followed by the methodology for the 
sustainability assessment of both treatment options.

2.1. Chemicals and materials

All chemicals and materials utilized in this study were the com
mercial grade. Carbon black powder (Carbon black N660) was sourced 
from Thai Carbon Black Public Company (Angthong province, 
Thailand). The 2,4-D compound, with a purity of 95 %, was acquired 
from Pchemitech Company (Bangkok, Thailand). Deionized water with 
a resistivity of 18 MΩ cm was consistently used in all experiments.

The microstructure of the CB was characterized using a scanning 
electron microscope (SEM) (model LEO 1455 VP, UK) and the Bru
nauer–Emmett–Teller (BET) method (TriStar II 3020, USA) to investi
gate its particle morphology, specific surface area, and total pore 
volume. Additionally, Fourier transform infrared spectroscopy (FTIR) 
(PerkinElmer, Germany) was utilized to analyze the functional groups of 
the CB. Finally, the point zero charge (pHpzc) of the CB was determined 
using a zeta potential analyzer (Malvern Zetasizer Nano-ZS ZEN 3600, 
UK) that measured the zeta potential of the dispersion over a pH range of 
1–12. Additionally, the Zetasizer was utilized to analyze the particle size 
distribution of the CB dispersion.

2.2. Batch sorption experiment for bare CB

To investigate the influence of pH on 2,4-D sorption by bare CB, 
batch experiments were conducted at initial pH values of 2, 4, 6, 8, and 
10. Dispersions were prepared in 200 mL Erlenmeyer flasks with a 2,4-D 
concentration of 20 mg/L and a CB dosage of 4.5 g/L. The flasks were 
then stirred at 120 rpm using a magnetic stirrer. Prior to analyzing the 
efficacy of the 2,4-D removal, the CB was separated from the dispersion 
using Whatman filter paper #42. Subsequently, the residual concen
tration of 2,4-D was measured using an ultraviolet–visible (UV–Vis) 
spectrometer (Genesys 10S UV–Vis spectrophotometer, Thermo Scien
tific, USA) at a wavelength of 230 nm [17].

To determine the optimal bare CB concentration for maximum 2,4-D 
sorption at pH 2 (the optimized pH), batch sorption experiments were 
conducted by varying the CB concentrations from 1.5 to 7.5 g/L while 
maintaining a 2,4-D concentration of 20 mg/L. These experiments were 
performed in flasks stirred at 120 rpm using a magnetic stirrer, with the 
residual 2,4-D concentrations measured by UV–Vis spectrometer every 
six hours. The sorbed concentration was then analyzed to ascertain the 
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optimal CB content. Subsequently, the determined optimal CB dose was 
utilized to construct an adsorption isotherm by varying the concentra
tion of 2,4-D from 10 to 50 mg/L at pH 2, employing the same experi
mental setup and 2,4-D quantification approaches as in the preceding 
experiments.

2.3. Model of adsorption kinetics and adsorption isotherm

The amount of 2,4-D retained in the adsorbent phase was calculated 
as follows [18–20]: 

qt = V(Co − Ct)/W (1) 

qe = V(Co − Ce)/W (2) 

where qt and qe (mg/g) are the amounts of 2,4-D adsorbed onto the 
carbon materials at time, t, and at equilibrium time, e, respectively; V is 
the suspension volume (in liters); C0, Ct, and Ce (in milligrams per liter) 
are the aqueous 2,4-D concentrations at the initial time, t, and at equi
librium, e; and W (in grams) is the bare CB mass in the reactor being 
evaluated.

To evaluate the adsorption capacities of the 2,4-D on the CB, Lang
muir and Freundlich isotherms were used to model the experimental 
data. The Langmuir adsorption isotherm indicates monolayer sorption 
onto a homogenous surface, as follows [20]: 

qe = Q0KLCe/1+KLCe (3) 

where Q0 (in milligrams per gram) is the maximum monolayer coverage 
capacity; and KL (in liters per milligram) is the Langmuir isotherm 
constant, and 

RL = 1/1+KLCo (4) 

(where RL is the separation factor), is calculated from the Langmuir 
isotherm. This value showed the favorable adsorption between the 
adsorbent and adsorbate, with RL > 1 being unfavorable, RL = 1 being 
linear, 0 < RL < 1 being favorable, and RL = 0 being irreversible [21].

Contrastingly, the Freundlich adsorption isotherm assumes hetero
geneous adsorption on the surface, as follows [20]: 

qe = Kf C
1
n
e (5) 

where Kf (in milligrams per gram) (milligrams per liter)–n is the 
Freundlich isotherm constant and is related to the adsorption capacity; 
and n is the intensity of the adsorption.

In addition, the 2,4-D adsorption kinetics on the CB were compara
tively modeled using pseudo-first-order (Eq. (6)) and pseudo-second- 
order (Eq. (7)) models 

ln(qe − qt) = lnqe − k1t (6) 

t
qt

=
1

k2q2
e
+

1
qe

t (7) 

where k1 is the sorption rate constant of the pseudo-first-order model; 
and k2 is the sorption rate constant of the pseudo-second-order model 
[20].

2.4. Estimation of potential operational cost savings and GWP reduction

A comparative life-cycle assessment (LCA) was conducted to eval
uate the potential greenhouse gas emissions and operational cost savings 
associated with three different scenarios for 2,4-D absorption. These 
experiments focused on contaminated water with a natural pH of 1, 
which is commonly observed in wastewater contaminated with 2,4-D. 
The three scenarios differed in the CB adsorption method and the 
source of chemicals used for pH adjustment, with an emphasis on 

reducing chemical consumption and utilizing waste-derived substances.
A gate-to-gate LCA was performed to quantify the GWP and the 

operational costs associated with the three scenarios. The functional unit 
of the LCA was defined as the adsorption of 42 mg of 2,4-D by CB (see the 
Supplementary information (SI) for a functional unit calculation), and 
the system boundaries for each scenario were limited to the processes 
involved in 2,4-D absorption and pH adjustment, excluding raw material 
acquisition and waste management, as illustrated in Fig. 1.

The contaminated water used in all three scenarios had a naturally 
low pH of 1. Scenario 1 utilized CB modified with APTES in the ab
sorption process, based on an experiment conducted by Legocka et al. 
[16], to evaluate the 2,4-D absorption capability of CB. The pH of the 
water was adjusted from 1 to 4 using 100 mL (or 113 g) of fresh NaOH (1 
M, 99 % by weight). The modified CB, derived from 0.2 g of APTES and 
2 g of CB, was shaken for two hours and added to the pH 4-contaminated 
water, followed by stirring for 3 h to allow for solvent evaporation. The 
treated water was then subjected to a pH adjustment by mixing it with 
0.1 mL (or 0.113 g) of NaOH (1 M, 99 % by weight) to achieve a pH of 7.

Scenarios 2 and 3 diverged from Scenario 1 in their use of 4.5 g/L of 
CB for 2,4-D adsorption at a pH of 2. However, Scenarios 2 and 3 
(Fig. 1b) shared similarities, the primary distinction being in the source 
of the alkali used for pH adjustment. Scenario 2 employed fresh NaOH 
(99 % by weight) to adjust the pH from 1 to 2, and to neutralize the 
treated water to a pH of 7, whereas Scenario 3 involved the use of NaOH 
from waste streams, such as spent pot liner from aluminum electrolysis 
(NaOH 25 % by weight) [22] (Fig. 1b), but otherwise followed the same 
steps as Scenario 2.

In Scenario 2, the pH of the contaminated water was adjusted from 1 
to 2 using 90 mL (102 g) of fresh NaOH (1 M, 99 % by weight). Sub
sequently, 4.5 g/L of CB was added and the mixture was stirred for 6 h. 
Afterward, the pH of the treated water was neutralized to 7 by adding 
10 mL (11.3 g) of fresh NaOH (1 M, 99 % by weight). In Scenario 3, to 
adjust the pH of the contaminated water from 1 to 2, 92 mL (104 g) of 
NaOH from waste streams was used. After the adsorption process, the pH 
of the treated water was neutralized to pH 7 using 10 mL (11.3 g) of 
NaOH waste (1 M, 25 % by weight).

A life-cycle inventory (LCI) analysis involves compiling data and 
information from various sources to assess the environmental impacts of 
a product or process throughout its life cycle. In this step, the inventory 
was gathered primarily from experiments conducted by Legocka et al. 
[16] and through calculations. The specific data and information needed 
for the LCI analysis are detailed in Table S4 in the SI.

In the life-cycle impact assessment (LCIA), the GWP across the three 
distinct life-cycle scenarios of 2,4-D absorption processes was evaluated. 
The GWP was computed by multiplying activity data and emissions 
factors. The activity data we used were derived from calculations based 
on available data in the LCI step, while the emissions factors for each 
product and process were sourced from databases, such as ecoinvent 
v.2.2, the Intergovernmental Panel on Climate Change 2007, and the 
Thai National Database. The LCIA method employed was the ReCiPe 
2016 Midpoint (E) V1.08/ World (2010) E model, accessible in SimaPro 
v.9.0.5.2 software. The emissions factors used are listed in Table S5.

To conduct the operational cost analysis, the average market prices 
of CB, APTES, HCl, NaOH, and electricity were obtained from a Thai 
market survey. The mass balance of chemicals consumed and waste 
generated in each step of each treatment scenario were calculated based 
on the information provided in the LCI table (Table S4). These mass 
balance values were then multiplied by the average market prices to 
determine the total operational cost for each scenario. The information 
needed for the potential operational cost savings analysis is detailed in 
Table S3.
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3. Results and discussion

3.1. Physical and chemical characteristics of CB

As depicted in Fig. 2a, the SEM micrograph displays individual CB 
particles with an average diameter of 200 nm. However, the micrograph 
also shows the agglomeration of CB into clusters ranging from 200 to 
1400 nm in diameter. This observation aligns well with the intensity- 
averaged diameter of CB in a dispersion at pH 2, as measured by dy
namic light scattering (Fig. 2b), ranging from 110 to 1100 nm with an 
average diameter of 500 nm.

As shown in Fig. 2a, the CB surface appears rough, although it lacks 
discernible pores, which aligns well with the low total pore volume of 
0.03 cm3/g and the absence of micropores, as measured by BET 
(Table S1). The surface area of the CB was determined to be 33.39 m2/g. 
These physical characteristics corroborate its nonporous nature, as 
previously reported in the literature [23].

Fig. 2c depicts the relationship between the pH of CB dispersion and 

its corresponding zeta potential across the pH range from 2 to 12. At a 
pH of 12, the maximum negative zeta potential of CB was − 41.80 mV, 
whereas at a pH of 2, the maximum positive zeta potential was 43.30 
mV. The point of zero charge of CB was determined to be at a pH of 6.5, 
which closely aligns with the findings of [24,25]. Consequently, below a 
pH of 6.5, the surface of CB possesses a positive charge.

Fig. 3 shows the FTIR analysis of the bare CB, revealing the presence 
of six primary interfacial functional groups––alcohol, phenol, carboxylic 
(C–O and O––H), ketone (C=O), aromatic hydrocarbons (C=C), and 
carbonyl (C=O). These functional groups were corroborated by the 
corresponding wavenumbers of their vibrations, as detailed in Table S2. 
The occurrence of these functional groups in bare CB aligns with the 
results of [26]. Interestingly, the O––H functional group at 3796 cm− 1 

may represent the stretching of the silanol (SiOH) group [27], suggest
ing the CB has been contaminated with silica (SiO2) from recycled tire 
waste [28].

The negative zeta potential of CB, shown in Fig. 2c, can presumably 
be attributed to the deprotonation of carboxyl and hydroxyl functional 

Fig. 1. Summary of the three evaluated scenarios: (a) APTES-modified CB; and (b) fresh or waste HCl and NaOH.
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groups, with the positive zeta potential likely being a result of the pro
tonation of these same functional groups [29]. These functional groups 
are also implicated in facilitating the sorption of 2,4-D through 
hydrogen bonding [30] and π–π electron donor–acceptor interactions 
[31], which we expound upon later in the discussion.

3.2. Effect of solution pH on 2,4-D adsorption

The physicochemical mechanisms underlying the role of acidic pH in 
the sorption of 2,4-D by CB, building on Legocka et al.'s [16] [16] pre
vious observation of this phenomenon was elucidated in this section. 
First, as shown in Fig. 4 at all pH levels, the initial rapid adsorption 
phase (0− 1h) can be attributed to the abundance of available active sites 
on the CB surface and the strong concentration gradient driving mass 

transfer. Microscopic analysis of this process suggests a boundary layer 
diffusion mechanism initially controlling the rate, followed by intra
particle diffusion as adsorption progresses. The observed plateau after 
4–6 h indicates the establishment of a dynamic equilibrium where the 
rates of adsorption and desorption become equal. Therefore, the optimal 
adsorption time for this process is 6 h. The adsorption kinetics model 
will be further discussed in the modeling section.

Furthermore, Fig. 4 shows that the sorption capacity (q) of 2,4-D 
onto CB in the steady state increases with decreasing pH in the CB 
dispersion. Specifically, the q values rise from 5 mg/g at pH 10 to 14 mg/ 
g at pH 2 (Fig. S1). Mechanistically, the sorption of 2,4-D on a sorbent is 
driven by hydrogen bonding interactions, electrostatic interactions, π–π 
electron donor–acceptor interactions [30,31], and Lewis acid–base in
teractions [32], with the first three interactions being influenced by the 
pH of the dispersion. Therefore, analyzing the roles of pH in these in
teractions can light on the experimental findings.

Fig. 5 depicts the potential interactions between 2,4-D and the 
functional groups of CB, both influenced by pH. At pH 2, the majority 
(90 %) of 2,4-D exists in a molecular (uncharged) form, while 10 % is in 
an anionic form. Conversely, CB exhibited the highest proportion of 
positively charged sites (as confirmed by the highest zeta potential of 
43.30 mV), theoretically explained by functional groups, including 
carboxyl and hydroxyl, becoming protonated [29]. Consequently, at this 
pH, hydrogen bonding interactions between -OH on the CB and 2,4-D 
presumably occur at maximum intensity. Similarly, electrostatic inter
action occurred between the positively charged carboxyl and hydroxyl 
functional groups (-OH2

+) on the CB and negatively charged oxygen and 
hydroxyl groups (=O− ) on the 2,4-D. Additionally, Lewis acid–base 
interaction took place between the halogen group of the 2,4-D (as a 
Lewis base) and the carboxyl group of the CB (as a Lewis acid). The 
combined potential of these three interactions explains the maximum 
2,4-D sorption capacity of 14 mg/g (Figs. 5b and S2).

At the molecular level, these interactions can also be visualized and 
supported as follows: protonated carboxyl groups (–COOH₂+) on the CB 
surface form strong electrostatic bonds with the partially deprotonated 
carboxyl groups of 2,4-D molecules. Simultaneously, the chlorine atoms 
in 2,4-D, due to their high electronegativity, create localized areas of 
negative charge that interact with the positively charged regions of the 
CB surface. Density Functional Theory (DFT) calculations reported by 
Wu et al.'s [32] for similar systems suggest binding energies of 
approximately − 42 to − 65 kJ/mol for these electrostatic interactions at 
pH 2, compared to only − 15 to − 25 kJ/mol at pH 10. Additionally, the 
aromatic ring in 2,4-D can participate in π-stacking interactions with 
graphitic domains on the CB surface, particularly in regions where 
surface oxygen groups have modified the electron density of the carbon 
structure. These π-stacking interactions contribute approximately 
20–30 % of the total binding energy at pH 2 based on comparable 
carbon-based adsorbent studies [31].

Fig. 3 shows the FTIR analysis, which illustrates the change in 
functional groups on the CB after 2,4-D sorption, supporting the pro
posed interactions at pH 2. For instance, after 2,4-D sorption, there was a 
decline in OH groups on the CB, as can be seen from the increase in 
transmittance at a wavenumber of 3736 cm− 1, potentially representing 
the stretching mode of SiOH [27], and in a wavenumber range of 
3000–3600 cm− 1, representing stretching of the alcohol, phenol, car
boxylic acid, and hydroxyl groups on the CB. The decrease in stretching 
mode of these OH groups support their coordinated interactions with 
2,4-D via the three mechanisms described above. In addition, the peak at 
2325 to 2311 cm− 1 representing the C––O group and the decrease in 
transmittance from 2500 to 3000 cm− 1 following 2,4-D sorption onto 
the CB indicates an increase in C––O [33] and O––H [34] stretching, 
potentially from the carbonyl and hydroxyl groups of the sorbed 2,4-D, 
respectively. Notably, the peak at 2500 to 3000 cm− 1 appears in the 
spectrum of the 2,4-D [35]. Thus, the appearance of this peak on the 2,4- 
D-sorbed CB confirms the sorption of 2,4-D.

Beyond the observations already discussed, further analysis of the 

Fig. 2. (a) SEM micrograph of CB surface; (b) particle size distribution of CB 
dispersion at pH 2 measured by dynamic light scattering; and (c) relationship 
between zeta potential and pH of CB dispersion.
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FTIR spectra provides additional mechanistic insights. The changes 
observed around 1601 cm− 1, corresponding to aromatic C–C vibra
tions, suggest the involvement of the aromatic ring of 2,4-D in the 
adsorption process, likely through π-π interactions with graphitic do
mains on the CB surface. The relative intensity changes in the carbonyl 
region (around 1716 cm− 1) before and after adsorption provide spec
troscopic evidence for the participation of these groups in hydrogen 
bonding interactions. These spectral observations, when considered 
together, confirm that multiple functional groups on both the adsorbent 
and adsorbate participate simultaneously in the adsorption process, 
creating a complex but highly effective binding interface particularly 
under acidic conditions. However, at pH 4, although a larger fraction 
of the 2,4-D becomes anionic, the CB exhibits reduced positive surface 
charge. Surprisingly, the 2,4-D sorption capacity decreased to 11.2 mg/ 
g, even though the Lewis acid–base and hydrogen bonding interactions 
at this pH should not substantially differ from those at pH 2. Conse
quently, this reduction in 2,4-D sorption onto CB at pH 4 was attributed 
to the decrease in positively charged sites on the CB, thereby dimin
ishing its electrostatic interactions with the 2,4-D. More importantly, at 

pH 10, where all the 2,4-D becomes anionic, the CB also becomes 
negatively charged, leading to electrostatic repulsion that counteracts 
the hydrogen bonding and Lewis acid–base interactions. This would 
account for the lowest 2,4-D sorption capacity among the four pH values 
studied. Comparative analysis of the observed 2,4-D sorption and the 
potential contribution of the three forces at three different pH levels 
offered a clear explanation of the poorer 2,4-D removal at neutral and 
alkaline pH values.

3.3. Effect of CB dosages and initial 2,4-D concentrations

Fig. 6a depicts the 2,4-D sorption capacity (q) as a function of CB 
dosage ranging from 1.5 to 7.5 g/L at an initial 2,4-D concentration of 
20 mg/L and at the optimal pH of 2. The q values increased from 12.89 
to 15.52 mg/g as the CB dose increased from 1.5 to 4.5 g/L. However, 
further increases in the CB dosage, from 4.5 to 7 g/L, resulted in a 
decrease in the q value to 14.65 mg/g. Thus, at this initial 2,4-D con
centration, the optimal CB dose was determined to be 4.5 g/L.

In contrast, Fig. 6b illustrates the 2,4-D sorption capacity (q) in 

Fig. 3. FTIR analysis of CB and CB after 2,4-D sorption.

Fig. 4. Effect of pH on the efficiency of 2,4-D removal by CB. Initial dissolved 2,4-D concentration = 20 mg/L and CB concentration = 4.5 g/L at 25 ◦C.
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relation to the initial 2,4-D concentrations, ranging from 10 to 50 mg/L, 
with the optimal bare CB dose set at 4.5 g/L and the optimal pH at 2. 
Evidently, that higher initial 2,4-D concentrations correspond to higher 
q values at equilibrium. The q values escalated from 1.18 to 9.35 mg/g 
as the 2,4-D concentrations increased from 10 to 50 mg/L. Notably, 
upon comparing the maximum q value achieved by the bare CB at pH 2 
(9.35 mg/g) with that of CB modified with APTES at pH 7 (34 mg/g) 
from Legocka et al. [16] for a comparable 2,4-D concentration (50 mg/ 
L), this study found that the CB modification with APTES outperformed 
the acid pH by approximately 3.63 times.

3.4. Modeling the adsorption isotherm

Table 1 presents a summary of the equilibrium modeling outcomes 
for all the sorption experiments (see also Fig. S4) using the Langmuir and 
the Freundlich models. Remarkably, the r2 value obtained from the 
Freundlich isotherm (0.942) substantially exceeded that from the 
Langmuir isotherm (0.790), indicating that the multi-layer and hetero
geneous adsorption concept of the Freundlich isotherm better represents 
our experimental results. This observation aligns with the multi-point, 
non-homogeneous nature of CB, as confirmed by FTIR.

Thermodynamic analysis based on the Freundlich isotherm provides 
deeper insights into the adsorption mechanisms observed in the FTIR 
analysis. Using the Freundlich parameters from Table 1 (KF and 1/n =
3.54), the Gibbs free energy change (ΔG◦) for the adsorption process at 
pH 2 was determined to be approximately − 20.8 kJ/mol, indicating a 

Fig. 5. (a) Protonation and deprotonation of the CB in terms of zeta potential 
and distribution; and (b) mechanism of the CB at pH 2.

Fig. 6. (a) Effect of dosage sorption of 2,4-D on CB; and (b) adsorption capacity 
on CB of initial 2,4-D concentration.

Table 1 
The isotherms of the adsorption.

Materials Langmuir isotherm Freundlich isotherm

qm(mg/g) KL R2 KF 1/n R2

CB 1.06 0.11 0.790 263.03 3.54 0.942
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spontaneous process. This value falls within the range typically associ
ated with physical adsorption (− 20 to − 40 kJ/mol) and corresponds 
with the multi-mechanism model proposed from the FTIR analysis.

As discussed earlier, the FTIR spectroscopic evidence showing 
changes in the OH groups (3000–3600 cm− 1), carbonyl region (around 
1716 cm− 1), and aromatic C–C vibrations (around 1601 cm− 1) collec
tively supports the multi-site, heterogeneous adsorption mechanism 
indicated by the better fit of the Freundlich model (r2 = 0.942). The 
unfavorable adsorption suggested by the 1/n value of 3.54 aligns with 
our FTIR observations of competing interactions between the polar 2,4- 
D molecules and water for the various functional groups on the CB 
surface [36]. This competition is evidenced by the complex changes in 
the FTIR spectra, particularly in the hydroxyl region.

Furthermore, the superior fit of the Freundlich model compared to 
the Langmuir model (r2 = 0.790) is consistent with the multiple inter
action mechanisms identified through FTIR analysis—namely, hydrogen 
bonding, electrostatic interactions, and Lewis acid-base inter
actions—occurring simultaneously at different sites on the heteroge
neous CB surface. The presence of diverse functional groups on CB 
(alcohol, phenol, carboxylic, ketone, aromatic, and carbonyl) as 
confirmed by FTIR (Fig. 3) provides multiple potential adsorption sites 
with varying energies, which explains the heterogeneous adsorption 
behavior better described by the Freundlich model. This contrasts with 
the APTES-modified CB at pH 7 reported by Legocka et al. [16], where 
the more favorable adsorption (1/n = 0.574) was primarily driven by a 
single dominant mechanism—the electrostatic attraction between the 
positively charged APTES groups and the anionic 2,4-D [16].

3.5. Modeling the sorption kinetics

The pseudo-first- and pseudo-second-order models were employed to 
simulate the kinetics of 2,4-D sorption. Table 2 provides a summary of 
the kinetic parameters derived from the modeling, encompassing the 
sorption capacity (qe modeled), rate constants (k1 and k2 for the pseudo- 
first- and pseudo-second-order models, respectively), and the r2 values. 
As depicted in Fig. S3, the pseudo-second-order model exhibited supe
rior fitting to the experimental data, as indicated by its high r2 values, 
ranging from 0.99 to 1, suggesting its appropriateness for modeling 2,4- 
D sorption kinetics by CB at pH 2. The underlying premise of the pseudo- 
second-order kinetic model posits that the governing step is chemical 
sorption or chemisorption––a notion that aligns well with the observed 
behavior of 2,4-D sorption onto the CB, as has been discussed previously 
[37]. Notably, the sorption capacity at equilibrium predicted by the 
pseudo-second-order model closely matched the experimental values, 
ranging from 1.05 to 9.16 mg/g across the initial 2,4-D concentrations, 
spanning from 10 to 50 mg/L. The rate constant, k2, exhibited a decrease 
with escalating initial concentration (e.g., the k2 decreased from 9.33 at 
an initial concentration of 10 mg/L of 2,4-D to 0.88 at 50 mg/L of 2,4-D). 
This trend suggests that the sorption of 2,4-D occurred more rapidly at 

lower initial concentrations, consistent with findings from a previous 
study on the sorption of 2,4-D onto termite mound soil [38]. Interest
ingly, a comparison with the rate constant for 2,4-D sorption by CB 
modified with APTES at pH 7, and at an initial concentration of 110 mg/ 
L, by Legocka et al. [16] revealed that the rate constant for bare CB at 
pH 2 under the same conditions was 1.73 times faster.

3.6. Avoidance effects of the GWP

An attributional LCA was conducted for the three 2,4-D absorption 
scenarios. Scenario 1, involving CB modified with APTES and using fresh 
NaOH, had the highest GWP contribution among the three scenarios, 
with 0.6518 kg CO2-eq per functional unit (42 mg of 2,4-D absorbed). 
Scenario 2, utilizing CB with fresh NaOH, yielded a GWP contribution of 
0.1800 kg CO2-eq per functional unit and Scenario 3, employing CB with 
NaOH from waste streams, had the lowest GWP contribution at 
− 0.0748 kg CO2-eq per functional unit. Scenarios 2 and 3 accounted for 
13 % and 9 % of the total GWP from Scenario 1, respectively. The LCIA 
results for the three scenarios of 2,4-D absorption are illustrated in 
Fig. 7.

The primary GWP contribution from Scenario 1 stemmed from 
electricity consumption, which constituted approximately 80 % of its 
total GWP. Two energy consumption processes played significant roles 
in this––the stirrer in the mixing of the wastewater and modified CB and 
the shaker in preparing the modified CB, accounting for 3 % and 77 % of 
Scenario 1's total GWP, respectively. The secondary GWP contribution 
from Scenario 1 was from the fresh NaOH, accounting for 21 % of its 
total GWP. The fresh NaOH was used in two processes––sample prepa
ration and the sample after adding CB, resulting in 19 % and 0.02 % of 
Scenario 1's total GWP, respectively.

Conversely, for Scenario 2, the primary GWP contribution originated 
from the fresh NaOH, accounting for 70 % of its total GWP, used for pH 
adjustment in the sample preparation process and the process after 
adding the CB, and contributing 63 % and 7 % of Scenario's 2 total GWP, 
respectively. The second highest GWP contribution originated from 
electricity consumption––the stirrer in the mixing of wastewater and 
CB––accounting for 25 % of Scenario 2's total GWP.

Similarly to Scenario 1, the major GWP contribution from Scenario 3 
was from electricity consumption from the stirrer in the mixing of the 
wastewater and CB, accounting for 60 % of its total GWP. Notably, 
Scenario 3 had the lowest GWP among the three scenarios, with a total 
avoided GWP of 0.0745 kg CO2-eq per functional unit. This is due to an 
avoided GWP of 71 % of its total GWP from the utilization of NaOH from 
waste streams. In Scenario 3, 7.06 M of NaOH waste was employed in 

Table 2 
Kinetic parameters of the pseudo-first-order, pseudo-second-order adsorption 
rate constants, and calculating and experimental of qe values obtained from 
different initial 2,4-D concentrations.

Initial 
con. (mg/ 
L)

qe 

exp. 
(mg/ 
g)

Pseudo-first-order kinetic 
model

Pseudo-second-order 
kinetic model

k1 

(h− 1)
qe, calc. 
(mg/g)

R2 k2 

(g 
mg− 1 

h− 1)

qe, 
calc. 
(mg/ 
g)

R2

10 1.04 0.494 0.13 0.893 9.33 1.05 0.999
15 2.07 0.853 0.17 0.828 9.75 2.09 1.000
20 3.02 1.384 0.48 0.996 7.06 3.05 1.000
30 5.06 0.562 0.28 0.938 5.32 5.08 1.000
40 7.00 0.568 0.81 0.965 1.75 7.06 1.000
50 9.04 0.488 1.41 0.965 0.88 9.16 1.000

Fig. 7. Global warming potential of the three 2,4-D absorption scenarios 
investigated in this study. 
Scenario 1: Modified carbon black with fresh NaOH. 
Scenario 2: Carbon black with fresh NaOH. 
Scenario 3: Carbon black with alkaline from waste streams.

N. Promjan et al.                                                                                                                                                                                                                               Journal of Water Process Engineering 76 (2025) 108137 

8 



the pH adjustment process, thus avoiding the need for 115.3 g of fresh 
NaOH (contributing 0.1285 kg CO2-eq per functional unit). The GWP of 
fresh NaOH was avoided in the sample preparation process, contributing 
0.1159 kg CO2-eq per functional unit, and in the process after adding the 
CB, contributing 0.0126 kg CO2-eq per functional unit.

A comprehensive examination of Scenario 3, incorporating the 
consequential LCA, revealed significant opportunities for mitigating 
GWP through strategic adjustments in chemical utilization. Specifically, 
by substituting fresh NaOH with repurposed NaOH (pH 13) sourced 
from waste streams, additional GWP reduction can be achieved. The 
GWP reduction observed in the consequential LCA of Scenario 3 
amounted to 0.1141 kg CO2-eq of avoided GWP per functional unit, 
originating from two main sources. First, emissions associated with the 
disposal of NaOH from waste materials are avoided. Second, the GWP 
associated with the use of fresh NaOH, as quantified in previous attri
butional LCA analyses, is mitigated. In particular, the GWP stemming 
from the disposal processes associated with NaOH waste (at pH 13) can 
be entirely avoided, with 0.0393 kg CO2-eq per functional unit being 
attributed to the disposal of such. In summary, the combined avoided 
GWP resulting from both the utilization and disposal of NaOH from 
waste streams totaled 0.1678 kg CO2-eq per functional unit, represent
ing a 76 % reduction in the total GWP of Scenario 3.

After adsorption, the spent carbon black can be repurposed in the 
cement industry as a partial substitute for coal in clinker production, 
promoting circular economy principles [39]. Prior to this application, 
the 2,4-D-laden CB must undergo high-temperature pyrolysis (>850 ◦C) 
with appropriate air pollution control systems to capture HCl and Cl₂ 
emissions and prevent the formation of toxic byproducts such as dioxins 
and furans [40]. The repurposed carbon black offers economic advan
tages with its high heating value of 29,856 kJ/kg—higher than coal 
(20,327 kJ/kg)—and lower cost (65 USD/ton compared to 84 USD/ton 
for coal). When blended with coal at 5 % by weight, this approach re
duces the global warming potential to approximately 115–117 kg CO₂ 
eq/ton and decreases clinker production costs by 1–3 % [39].

3.7. Potential operational cost savings

An analysis of the operational costs of the three 2,4-D wastewater 
treatment scenarios revealed significant cost-saving opportunities 
associated with substituting fresh chemicals with waste-derived mate
rials. Scenario 1, which involved the use of APTES-modified CB and 
fresh chemicals for pH adjustment, incurred an operational cost of US 
$1.49 per functional unit (42 mg of 2,4-D absorbed). In this scenario, the 
primary cost driver was NaOH, accounting for 89.30 % of the total 
operational cost, while the APTES represented a minor contribution at 
0.0003 %.

Scenario 2, utilizing CB with fresh NaOH, had a slightly lower 
operational cost of US$1.37 per functional unit, representing an 8.05 % 
decrease compared to Scenario 1. Similarly to Scenario 1, the primary 
cost driver in Scenario 2 was the fresh NaOH, which constituted 97.51 % 
of the total cost.

Conversely, Scenario 3, in which the fresh chemicals were replaced 
with waste-derived NaOH, showed a dramatic cost reduction. The 
operational cost for Scenario 3 was estimated at only US$0.09 per 
functional unit, reflecting a 93.95 % decrease relative to Scenario 2. This 
substantial saving can be attributed to the substitution of the fresh NaOH 
with waste-derived NaOH, significantly lowering the overall chemical 
expense.

This cost comparison underscores the economic viability of utilizing 
waste materials for pH adjustment in 2,4-D wastewater treatment. By 
integrating waste-derived NaOH, Scenario 3 not only reduced the de
pendency on fresh chemicals, but also achieved the lowest operational 
cost among the three scenarios, marking a transformative step toward 
more sustainable and cost-effective wastewater treatment practices.

4. Conclusion

A sustainable approach for treating 2,4-D-contaminated wastewater 
under challenging acidic conditions was presented through the inte
gration of bare CB and waste-derived chemicals in this research. It 
revealed that the adsorption capacity of bare CB is significantly 
enhanced at pH 2, compared to neutral conditions. It was revealed in 
this study that the synergistic effects of hydrogen bonding and electro
static and Lewis acid–base interactions. At this optimal pH, we identified 
the ideal CB dosage of 4.5 g/L, beyond which aggregation effects 
reduced the removal efficiency. The adsorption process followed the 
Freundlich isotherm and pseudo-second-order kinetic models, indi
cating multi-layer, heterogeneous adsorption and chemisorption 
mechanisms.

A comparative sustainability assessment demonstrated that utilizing 
bare CB at a naturally low pH, coupled with waste-derived NaOH for the 
final pH adjustment, offered significant advantages over APTES- 
modified CB at pH 4. While APTES modification achieved a 3.63-times 
higher sorption capacity, our integrated approach using bare CB with 
waste-derived NaOH reduced the GWP by 27 % compared to using 
APTES-modified CB with fresh NaOH. This reduction primarily stemmed 
from avoiding energy-intensive modification processes and utilizing 
waste-derived chemicals. Furthermore, the operational costs decreased 
by 35 % through eliminating modification steps and by substituting 
fresh chemicals with waste-derived alternatives.

This study provided valuable insights for industries managing acidic 
wastewaters, demonstrating that leveraging inherent wastewater char
acteristics (low pH) while incorporating waste-derived materials can 
enhance both environmental and economic sustainability. This research 
supported the viability of circular-economy approaches in wastewater 
treatment, particularly for streams with challenging pH conditions. For 
industrial applications with complex wastewater compositions, consid
eration must be given to competing ions and contaminants. While un
modified CB shows limited efficiency for common metal ions and other 
ionic species, APTES-modified CB can simultaneously remove 2,4-D and 
various ions through hydrogen bonding and ion exchange mechanisms 
[41,42]. The efficacy of these adsorption processes is highly pH- 
dependent, with 2,4-D removal favored at low pH [16] and heavy 
metal adsorption at higher pH [43]. After adsorption, the spent CB can 
be repurposed in cement production as a partial coal substitute, un
dergoing high-temperature pyrolysis (>850 ◦C) with appropriate emis
sion controls [39,40].Future research should focus on optimizing this 
method for large-scale application, exploring its efficacy across different 
complex wastewaters, and developing integrated treatment systems that 
combine modified CB with complementary processes for comprehensive 
pollutant elimination.
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microwave and FTIR spectroscopy for the characterisation of carbon blacks 
modified with stabilisers, Polym. Degrad. Stab. 74 (1) (2001) 1–24, https://doi. 
org/10.1016/S0141-3910(01)00009-X.

[27] A. Anjum, Recovered carbon black from waste tire pyrolysis: characteristics, 
performance, and valorisation, 2021, https://doi.org/10.3990/1.9789036552899.

[28] J.D. Martínez, N. Cardona-Uribe, R. Murillo, T. García, J.M. López, Carbon black 
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