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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Ball-milled PAC (BPAC) increase greatly 
pesticide adsorption kinetics. 

• Diffusional adsorption from bulk to PAC 
surface could be a predominant 
mechanism. 

• Adsorption is driven by enthalpy or en
tropy depending on pesticide 
hydrophobicity. 

• BPAC of 1 μm led to pesticide-loaded 
particle penetration through the filter 
media. 

• BPAC of 6 μm effectively removes pes
ticides while controlling particle 
penetration.  
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A B S T R A C T   

In the conventional drinking water treatment process (CDWTP), powdered activated carbon (PAC) is commonly 
used for removing organic pesticides, or other organic contaminants. However, the hydraulic retention time 
(HRT) in CDWTP is insufficient for fulfilling PAC adsorption equilibrium to realize its full capacity. This study 
examined the adsorption kinetics, adsorption thermal dynamics, and removal efficiency for six organic pesticides 
using the ball-milled PAC (BPAC) with varying particle sizes in CDWTP. Based on the experiments with the 
pesticides of atrazine, diazinon, dimethoate, fenitrothion, isoproturon and thiometon, the results indicated that 
as the particle size reduced from around 38 μm for the commercial PAC to 1 μm for the BPAC, the adsorption 
rates for hydrophobic pesticides increased up to twentyfold. Diffusional adsorption from the bulk solution to the 
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external PAC surface is the most likely predominant mechanism. This could allow a sufficient pesticides’ 
adsorption within the limited HRT and to achieve a great depth removal of these toxic compounds. However, the 
addition of BPAC with a diameter of 1 μm was observed to significantly increase residual particles in treated 
water after the conventional treatment process. With a further systematic evaluation of both adsorption rate and 
particle penetration, a particle size of around 6 μm BPAC was considered a practical compromise between the 
adsorption rate and particle penetration for real application. Results from five surface waters of different water 
quality indicated that, compared to commercial PAC, application of 6 μm BPAC could achieve up to a 75% 
reduction in adsorbent dosage while maintaining around the same pesticide removal efficiencies. Additionally, 
thermodynamic analyses suggest that adsorption of these pesticides could be enthalpically or entropically driven 
depending on the degree of pesticide hydrophobicity.   

1. Introduction 

Chemical pesticides are extensively used in modern agriculture to 
bolster productivity and ensure food security in the face of population 
growth (Nicolopoulou-Stamati et al., 2016; Tudi et al., 2021). According 
to the Statista Research Department, global agricultural pesticide con
sumption exhibited a predominantly steady increase, rising from 2.18 
million metric tons in 2000 to 3.54 million metric tons in 2021 (Statista 
Research Department, 2023). Despite the efforts for efficient usage of 
pesticides, it is estimated that only 0.1% of pesticides applied for pest 
control reach the target pests, leaving most of the chemicals remaining 
on plant surfaces or entering the environments, including the soil and 
atmosphere (Khan, 2016; Pimentel, 1995). The pesticides could be 
transported by runoff into aquatic environments, leading to varying 
degrees of contaminations in natural waters. 

The concentration of pesticides in surface waters and groundwater 
may range from dozens of nanograms to several micrograms per liter 
(Gilliom, 2007; Meffe and de Bustamante, 2014). In regions where 
agricultural and urban areas are subjected to pesticide application, their 
concentrations in the water bodies may rise to dozens of micrograms per 
liter or even higher (de Souza et al., 2020; Meftaul et al., 2020). Toxi
cological and epidemiological studies have suggested that long-term 
exposure to low levels of pesticide (primarily through diet or drinking 
water) could lead to adverse effects on humans, including an elevated 
risk of cancer and potential disruptions to metabolic functioning, as well 
as adverse impacts on the reproductive, immune, endocrine, and ner
vous systems (Mostafalou and Abdollahi, 2017; Naughton and Terry Jr, 
2018; Richardson et al., 2019). To protect the public health, govern
ments worldwide have implemented the residual limits for pesticides in 
drinking water. For example, 31 pesticides are listed in the World Health 
Organization (WHO) guidelines for drinking water quality (fourth edi
tion) based on health safety factors (WHO, 2011). Therefore, efficient 
removal of pesticides from source water is considered crucial for safe 
water quality. 

Conventional process of coagulation/flocculation, sedimentation 
and filtration (CSF) has been found ineffective in removing organic 
pesticides from water, likely due to the small molecular size and high 
water solubility of the pollutants (Alexander et al., 2012; Li et al., 2018). 
In recently years, various advanced treatment technologies, include 
biological methods (such as biofiltration), chemical oxidation tech
niques (e.g., ozonation, advanced oxidation processes (AOPs)) and 
physical methods (e.g., activated carbon adsorption, membrane filtra
tion), have been developed to improve the removal of pesticides. Bio
logical methods, such as biofiltration, may provide an environmentally 
friendly and cost-effective approach. However, it seems that the slow 
reaction kinetics hindered its wide application in water treatment plants 
(Ahmed et al., 2021; Desisa et al., 2022). Chemical oxidation methods 
especially AOPs have been extensively studied in laboratory scale for 
pesticides degradation and even mineralization. Although pesticides 
could be decomposed by AOPs, the degradation byproducts may exhibit 
much higher toxicity than the parent compounds (Ahmed et al., 2021; Li 
et al., 2019). Furthermore, mineralization of these pesticides typically 
requires a large amount of energy input and a very long reaction time, 
making it impractical (Li et al., 2019). Membrane filtration, mainly 

including nanofiltration (NF) and reverse osmosis (RO), is effective in 
removing hydrophobic pesticides but demands a considerable initial 
investment, substantial energy input and is prone to membrane fouling 
and deterioration, making it financially unaffordable for some of the 
developing countries (Ahmed et al., 2021; Brovini et al., 2023). In 
comparison, powdered activated carbon (PAC) has been an economical 
and effective option for removing pesticides and widely used in drinking 
water treatment (Campinas et al., 2021; Li et al., 2016; Matsushita et al., 
2018). However, the hydraulic retention time (HRT) in the conventional 
flocculation basin is substantially shorter than the time required for PAC 
adsorption equilibrium (Al-Asad et al., 2022; Najm, 1996). This leads to 
a low utilization efficiency of activated carbon, significantly reducing 
the adsorption capacity of PAC, and consequently increasing water 
treatment costs. 

It has been reported that the ball-milled PAC (BPAC) with superfine 
particles (submicron) were effective in removing natural organic mat
ters (NOM), odor and taste compounds, as well as synthetic organic 
contaminants (SOCs) from water in recent studies (Bonvin et al., 2016; 
Matsui et al., 2015; Nakayama et al., 2020). However, the application of 
extremely fine PAC particles could possibly result in a penetration of 
micropollutant-loaded PAC particles through conventional CSF pro
cesses, particularly the filter media bed, entering into drinking water 
supplies (Nakazawa et al., 2018). This would thereby pose potential 
risks to consumers due to micropollutant desorption within the digestive 
system (Siri et al., 2021). Therefore, the application of BPAC in water 
treatment would require consideration of both effective removal of the 
target contaminants and the adsorbent PAC. In the present study, six 
pesticides (atrazine, diazinon, dimethoate, fenitrothion, isoproturon and 
thiometon) were selected for a systematic examination of the adsorption 
kinetics and thermal dynamics, as well as the removal efficiencies with 
different particle sizes of BPAC, derived from a commercial PAC. At the 
same time, with an establishment of laboratory testing protocol, the 
residual fine PAC penetration was also examined under all the particle 
size conditions. The optimal PAC particle size was subsequently estab
lished through a comprehensive evaluation of both the residual pesticide 
concentration and PAC particles in the filtrate following conventional 
CSF treatment. Finally, a feasibility experimental demonstration of the 
optimal BPAC for five different surface waters was conducted for 
pesticide removal within the CSF processes. 

2. Materials and methods 

2.1. Chemicals and materials 

Atrazine (98.8% purity), diazinon (99.5% purity), dimethoate 
(99.1% purity), fenitrothion (99.1% purity), isoproturon (99.1% purity) 
and thiometon (99% purity) were purchased from AccuStandard Inc. 
(New Haven, CT, USA). Table S1 provides their molecular structure, 
molecular weight (MW), water solubility and octanol-water partition 
coefficient (logKow). Aluminum sulfate (Al2(SO4)3•18H2O, analytical 
grade) was purchased from Sinopharm Chemical Reagent Co. Ltd. 
(Shanghai, China). A commercial coal-based PAC was supplied by the 
Bailuyuan drinking water treatment plant in Xi’an City, China. The PAC 
was dried in an oven at 150 ◦C for 1 h and stored in a desiccator before 
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use. Ultrapure water was produced by an Elga Purelab Ultra Analytic 
system (Bucks, UK). 

BPAC was produced from commercial PAC using a planetary ball 
milling machine (XQM-2L, Nanjing Kexi Experimental Instrument 
Research Institute, China) with 0.3–8 mm yttrium-stabilized zirconia 
(YSZ) ceramic beads. Milling was carried out for 6 h with recirculated 
milling in ultrapure water without dispersant, and the ball-milled PACs 
were stored in slurry form at a concentration of 10 g/L and kept at 4 ◦C. 
Before use, the slurries were stirred and subjected to ultrasonication to 
ensure a uniform dispersion of carbon. 

2.2. Sampling 

The raw water sample free of target pesticides was obtained from the 
Jinpen Reservoir, a valley-dammed reservoir and the primary drinking 
water source in Xi’an City, China. The water samples were filtered 
through Whatman 2.7 μm GF/D glass microfiber filters (diameter 47 
mm, pore size 2.7 μm) and stored in amber glass bottles in a refrigerator 
at 4 ◦C until use. Additionally, four more surface water samples were 
collected from the Feng River, the Wei River, the Shibianyu Reservoir 
and the Hancheng Lake around the region of Xi’an, China. The major 
water quality parameters of these water samples are listed in Table S2 
and Fig. S1. 

2.3. Experimental procedures 

2.3.1. Adsorption experiments 
The adsorption process of the target pesticides onto the PAC or BPAC 

was conducted through batch experiments. In adsorption kinetic ex
periments, 10 mg/L of PAC or BPAC was transferred into 125-mL glass 
Erlenmeyer flasks containing 100 mL of raw water from the Jinpen 
Reservoir with an initial individual pesticide concentration of 10 μg/L. A 
magnetic stirrer operating at a constant speed of 200 rpm maintained 
uniform dispersion of the reacting solution, and an incubator controlled 
the solution temperature at 25 ± 1 ◦C. At designated time intervals, 5 
mL aqueous samples were withdrawn using a glass syringe, filtered 
through a 0.45 μm glass membrane filter (GD/X Syringe Filters, What
man), and then mixed with 30% methanol (v/v) in the filtrate to avoid 
the loss of analytes due to the adsorption effect (Li et al., 2015). Sub
sequently, the mixture was transferred to a glass vial after filtration by a 
0.2 μm pore size Acrodisc® hydrophilic polypropylene (GHP) syringe 
filter (Pall Gelman Laboratory, Ann Arbor, MI, USA) for the measure
ment of residual pesticides. 

In the subsequent adsorption isotherm experiments, all operational 
procedures remained the same to those described above, with the 
exception of varying adsorbent dosage (5–20 mg/L) and maintaining 
continuous stirring for 12 h for achieving the adsorption equilibrium. 
Additionally, the thermodynamic experiments involved controlling re
action temperatures (15, 20, 25, and 30 ± 1 ◦C) using an incubator, for 
purpose of the establishment of thermal dynamic parameters. 

The amounts of pesticides adsorbed onto commercial PAC or BPAC at 
time t (qt; μg/mg) was calculated by Eq. (1): 

qt =
(C0 − Ct)V

m
(1)  

where. 
qt (μg/mg) is the adsorbent loading at time t; C0 (μg/L) and Ct (μg/L) 

are the initial and residual concentration of pesticides at time t, 
respectively; m (mg) is the mass of adsorbent, and V (L) is the volume of 
the solution. 

2.3.2. Jar test procedures 
Bench-scale jar test experiments were performed using a jar test 

apparatus (JJ-4C, Suzhou Well Scientific Ltd, China) where the stirring 
intensity (rpm) and time were preset. It consists of six flat-paddle 

impellers and standard 2-liter square beakers. To simulate the PAC 
assisted CSF treatment process, the following procedures were 
employed: a dose of PAC or BPAC (5, 10, 15, 20, 30, 50, 60 mg/L) was 
added to the beaker containing 1 L of surface water pre-spiked with 
individual pesticide concentration of 10 μg/L and maintained under 
200-rpm for 6 min (contact time of about 6 min in an actual drinking 
water treatment plant). Following this, 120 μM alum coagulant was 
added, followed immediately by 250-rpm rapid mixing for 1 min, then 
30-rpm slow mixing for 15 min, and a quiescent settling for 30 min. At 
the end of sedimentation, the supernatant from each jar was gently 
withdrawn from approximately 2 cm below the water surface using a 
wide mouth pipet and analyzed for settled turbidity; a 5 mL water 
sample was taken and treated using the same sample pretreatment 
procedures described above (see section 2.3.1) for the measurement of 
residual pesticides. Afterward, the settled water was filtered using a lab- 
scale sand filter (the schematic diagram is illustrated in Supplementary 
Fig. S2) to measure both filtered turbidity and the quantity of PAC 
particles that permeated the filter. 

All the experiments were conducted in triplicate, and average values 
and standard deviations were reported. 

2.4. Analytical methods 

The particle size distribution of PAC and BPAC was determined using 
a laser particle size analyzer (Sync, Microtrac, USA). The BET (Brunauer- 
Emmett-Teller) surface area, pore volume and pore size distribution 
were characterized with nitrogen adsorption/desorption analysis mea
surements (ASAP 2460, Micromeritics Inc., USA) at 77.4 K. The turbidity 
(Nephelometric turbidity units, NTU) of water samples was measured 
using a turbidity meter (2100P, Hach, USA). The Fourier transform 
infrared (FTIR) spectra of PAC and BPAC (4000 - 500 cm− 1) was 
recorded using a Nicolet 6700 FT-IR spectrophotometer (Thermo Sci
entific, USA). 

The enumeration of the PAC particles in the sand filtered effluent 
followed a previously established method with minor modifications 
(Nakazawa et al., 2018). In brief, 100 mL of the filtered water was 
filtered through a GHP membrane with 47 mm diameter and 0.2 μm 
pore size (Pall Gelman Laboratory, Ann Arbor, MI, USA) supported by a 
47 mm glass filter holder (Jinteng experiment equipment company, 
Tianjin, China). After that, a digital microscope (Nikon 50i, Tokyo, 
Japan) operating at 400 × magnification was employed to capture color 
digital photomicrographs at nine pre-determined observation zones 
(microscope view area: 230× 310 μm) per filter (Fig. S3). The obtained 
photomicrographs were analyzed using the Nikon NIS-Elements™ 
software provided with the microscope. 

The point of zero charge pH (pHPZC) of PAC and BPAC was measured 
using the pH drift method proposed by Günther Müller et al. (1985) 
(Müller et al., 1985). Briefly, 20 mL of 0.01 M NaCl was added to a series 
of Erlenmeyer flasks. The pH values were initially set to a range of 3–11 
by adding 0.1 M HCl or 0.1 M NaOH solution. The initial pH values of the 
solutions were measured and recorded as pHI. Once the pHI reached the 
constant value, PAC or BPAC (50 mg) was introduced into each Erlen
meyer flask and shaken for 48 h at 25 ◦C. Subsequently, the final pH of 
the solutions was measured and recorded as pHF. The pHPZC was 
determined as the point where the curve of ΔpH (pHF - pHI) versus pHI 
intersects the line equal to zero, or pHF = pHI. 

The quantitative analysis of six pesticides was performed using ultra- 
performance liquid chromatography-electrospray tandem mass spec
trometry (UPLC-ESI-MS/MS, Waters, Milford, MA, USA) with an ACQ
UITY™ UPLC HSS T3 separation column (2.1 × 100 mm, 1.8 μm particle 
size, Waters) as reported in our previous work (Li et al., 2015). Briefly, 
the separation started with 10% MeOH for 2 min, followed by an in
crease to 100% within 7 min, which was then maintained for 2 min. 
Finally, the ratio of MeOH was reduced back to 10% and maintained for 
3 min for equilibrium before the next injection. The column temperature 
was maintained at 35 ◦C and the injection volume was 10 μL. The 
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UPLC-ESI-MS/MS was operated in positive electrospray ionization 
(ESI+) mode with a desolvation temperature set at 350 ◦C and a source 
temperature at 110 ◦C. The capillary voltage was set at 3.5 kV, with 
nitrogen (99.999%) as the desolvation and cone gas at flow rates of 600 
L/h and 30 L/h, respectively. The collision gas was argon (99.999%) at a 
flow rate of 0.12 mL/min. Data acquisition and processing were per
formed using Masslynx 4.1 software (Waters Corporation). The reten
tion time (RT), cone voltage (CV), transition ions, and collision energy 
(CE), limits of detection (LODs) and limits of quantification (LOQs) for 
the individual pesticides are listed in Table S1. 

2.5. Adsorption analysis 

The pseudo-second order model and Langmuir isotherm model have 
been shown to give the best fitting for the PAC and BPAC adsorption 
data of the pesticides after trials of several relevant models (see sup
plementary materials Text S1, S2 and Tables S3 and S4). Consequently, 
these two models were selected to characterize the PAC adsorption ki
netics and adsorption isotherms of pesticides, respectively. 

2.5.1. Pseudo-second order kinetics 
The pseudo-second order kinetics can be expressed as Eq. (2), 

dqt

dt
= k2(qe − qt)

2 (2)  

which is commonly used in the linearized form developed by Ho and 
McKay (1999) (Ho and McKay, 1999): 

t
qt
=

(
1
qe

)

t +
1

k2q2
e

(3)  

where. 
qe (μg/mg) is the adsorbed pesticide amount per unit of the adsor

bent at equilibrium; k2 (mg/(μg min)) is the pseudo-second order rate 
constant. 

In accordance with Simonin (2016) (Simonin, 2016), by defining k* 
= k2qe, Eq. (3) may be rewritten as, 

qt = qe
k∗t

1 + k∗t
(4)  

or 

F(t)=
k∗t

1 + k∗t
(5) 

Eq. (5) reveals that the change in dimensionless solid-phase con
centration is proportional to the t, indicating that the value of k* (min− 1) 
really reflects the kinetic performance (Wu et al., 2009). This parameter, 
defined as the rate index, is commonly used to assess adsorption rates 
(Simonin, 2016; Wu et al., 2009). 

2.5.2. Langmuir isotherm 
The Langmuir adsorption isotherm can be expressed by Eq. (6) 

(Ghosal and Gupta, 2017), 

qe =
qmaxKLCe

1 + KLCe
(6)  

where. 
Ce (μg/L) is the concentrations of pesticides in solution; qmax (μg/mg) 

is the maximum pesticide adsorption capacity and KL (L/μg) refers to the 
Langmuir isotherm constant, which is related to the binding energy or 
affinity parameter of the adsorption system (Ghosal and Gupta, 2017). 

2.5.3. Adsorption thermodynamics 
To investigate adsorption mechanisms, adsorption thermodynamics 

were analyzed using the thermodynamic equilibrium coefficients ob

tained at different temperatures. The free energy change in an adsorp
tion process can be typically related to the equilibrium constant (KC) by 
the Gibbs fundamental equation, as expressed by Eq. (7) (Ghosal and 
Gupta, 2017), 

△Go = − RT ln KC (7)  

in which ΔG○ (J/mol) is the standard free energy change, R (8.314 J/ 
(mol K)) the universal gas constant, T (K) is the absolute temperature. KC 
is the thermodynamic equilibrium constant, which could be calculated 
from the equilibrium constant of the Langmuir equation as KC = 106KL 
(Tran et al., 2017). The relationship of ΔG◦ to enthalpy change (ΔH◦, 
kJ/mol) and entropy change (ΔS◦, J/(mol K)) of adsorption can be 
expressed as 

△Go =△Ho − T△So (8) 

Substituting Eq. (8) into Eq. (7) gives van’t Hoff plot: 

ln KC = −
△Ho

RT
+

△So

R
(9) 

The plot of lnKC against 1/T theoretically produces a straight line, 
enabling the calculation of ΔH◦ and ΔS◦ from the respective slope and 
intercept of Eq. (9). 

2.6. Statistical analysis 

The experimental data were analyzed using the Statistical Package 
for the Social Sciences (SPSS) software version 26 (SPSS Inc, Chicago, 
Illinois, USA). The correlation analysis was used to analyze the signifi
cant relationship between the particle size of BPAC and adsorption pa
rameters (KL and qmax), with results reported at a 95% confidence 
interval, using an α-value of 0.05. If the p-value obtained from the test is 
less than α, p < 0.05, the difference is considered statistically significant; 
if the p > 0.05, it suggests no statistical significance (Zhang et al., 2021). 

3. Results and discussion 

3.1. Physic-chemical properties of PAC and BPAC 

Table 1 depicts the physic-chemical properties of the activated car
bon before and after ball milling, including the particles’ median 
diameter (D50), Brunauer-Emmett-Teller (BET) specific surface area, 
total pore volume (VT), pore size distribution and pHPZC. After ball 
milling, the D50 of PAC particles decreased from 37.8 μm to 1.1 μm. For 
convenience of discussions, these PAC particles are labeled as PAC-38, 
PAC-25, PAC-12, PAC-6, and PAC-1 based on their respective D50 
values. Interestingly, as the particle size decreasing, the BET specific 
surface area of the PAC decreases noticeably from 1367 m2/g for com
mercial PAC-38 to 1214 m2/g for PAC-1. This observation contrasts with 
the trend normally observed with solid particles, where BET specific 
surface areas will increase as particles break down into smaller sizes. For 
porous PAC, apart from outer specific surface area, the change in the 
inner pore surface area could also impact the BET surface area. Although 
the BET surface analysis couldn’t discern between the internal pore 
surface and the external surface of the PAC particles, it is obvious that 
the external surface of PAC particles will increase with the breakup of 
the PAC particles following the milling process. As indicated in Table 1, 
with the decrease in particle size from approximately 38 μm–1 μm, the 
micropore (pore width <2 nm) size distribution decreased from 0.42 
cm3/g to 0.34 cm3/g, while mesopore (pore width of 2–50 nm) size 
distribution increases from 0.38 cm3/g to 0.45 cm3/g. It appears that the 
pores survived from or produced by the milling process are slightly 
larger than those before milling, suggesting that milling may crush some 
of the very small pores of PAC, resulting in a slight reduction in BET 
specific surface area. 

In addition, it seems that the ball milling has a visible impact on the 
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chemical properties of the PAC. After the ball milling, the pHPZC values 
of the PAC particles showed a gradual decline, reducing from 9.86 for 
the parent PAC to 7.26 for PAC-1. As shown in Fig. S4, the FTIR spec
trum of PAC and BPACs reveals variation of intensity for several peaks at 
wavelength numbers 1200 cm− 1, 1580 cm− 1, and 3420 cm− 1, along 
with the reduction in PAC size. In accordance with a previous study, the 
regions between 1320 and 1050 cm− 1, 1610 - 1550 cm− 1 and 3570 - 
3200 cm− 1 are attributed to the C–O stretch, carboxylate (COO− ) and 
OH stretching vibration, respectively (Coates, 2000). This may suggest 
an increase in oxygen-containing functional groups on activated carbon 
surface during the wet ball milling process, which would shift the point 
of pHPZC due to acid-base reaction on the surface (Stumm and Schindler, 
1987). Takaesu and coworkers have suggested that during the ball 
milling process, PAC undergoes a reaction with hydroxide ions in the 
surrounding water, leading to an increase in the oxygen content within 
the functional groups on the surface of PAC (Takaesu et al., 2019). 

3.2. Adsorption performance of PAC and BPAC for target pesticides 

To compare the adsorption kinetics, isotherms and thermodynamic 
of PAC-38, PAC-25, PAC-12, PAC-6, and PAC-1, adsorption experiments 
were conducted for six pesticides with diverse hydrophobicity 
(expressed as logKow, Table 2) in surface water samples. 

3.2.1. Adsorption kinetics 
The adsorption kinetics for the six pesticides versus reaction time (for 

the initial 60 min) are illustrated in Fig. 1. At the PAC dosages of 10 mg/ 
L, PAC with small sizes (e.g., PAC-1, PAC-6) showed significantly high 
removal efficiencies. As can be seen from Table S3, in the case of the 
pesticides with a higher hydrophobic property, such as diazinon and 
fenitrothion (logKow > 3.3), the reaction rate k* of PAC-1 increases 
twenty-fold, compared to that of the commercial PAC-38. This may 
indicate that, although the BET specific surface areas do not increase 
upon the milling process, the ‘effective’ adsorption surface of the PAC 
should have greatly increased. Note that, the BET specific surface areas 
with nitrogen gas adsorption reflect both external surface and internal 
pore surface of the PAC particles. While nitrogen gas could penetrate 
into the nano-scale pores of PAC, the diffusion of organic compounds 
into these pores could be an extremely slow process (Matsui et al., 
2015). It was suggested that, reducing the particle diameter may not 
only increase the external surface area but also shortens the internal 
diffusion pathway of PAC, thus improving diffusion of adsorbate mole
cules to internal pores and increasing the adsorption kinetics (Partlan 

et al., 2020; Nakayama et al., 2020). This is probably true, but very 
much likely in a much less significant level. Considering the great 
magnitudes of the increase in the external surface of the PAC particles 
from 38 to 1 μm, corresponding to over a 1000-fold increase, the great 
magnitude increase of the external surface should be the dominant 
factor for the increase of adsorption rate kinetics observed in the ex
periments. Therefore, most likely, the diffusional adsorption from the 
bulk solution to the external adsorption of the PAC particles may be the 
dominant adsorption mechanisms. 

Besides, compared to hydrophobic pesticides, the hydrophilic 
pesticide dimethoate (logKow = 0.78), the value of k* showed only a 
slight increase from 0.13 min− 1 to 0.14 min− 1 as the particle size of PAC 
decreased. This may indicate that transportation of the hydrophilic 
molecular adsorbates onto the particle surface was jeopardized at the 
vicinity of the particle surface. It seems that more activation energy 
would be required for the hydrophilic molecules to absorb at the water- 
solid interface due to their strong affinity with the water molecule in 
solution. Thus, reducing the particle size does not significantly improve 
the adsorption rate for the hydrophilic pesticide. 

3.2.2. Equilibrium adsorption isotherms 
Both PAC and BPACs demonstrate well-fitted Langmuir isotherms 

(r2 > 0.966, Table S4) for the adsorption of the target pesticides. This 
may indicate that the adsorption process onto PAC could be character
ized as monolayer adsorption on a homogeneous solid surface (Saadi 
et al., 2015). As can be seen from Table 2, for a specific PAC, the 
Langmuir isotherm constant (KL) exhibited greater values for pesticides 
with higher logKow, indicating a stronger binding energy or affinity for 
the hydrophobic molecules (Gadipelli et al., 2019). However, the par
ticle size of BPAC was found to have little significant effects statistically 
on the values of KL (p > 0.05, see Table S5). This may indicate that 
milling PAC particles has little effect on the binding energy between PAC 
and pesticides. Moreover, only a slight change in qmax is evident with 
decreasing particle size of PAC. Take diazinon as an example, qmax 
values ranged from 2.75 μg/mg to 3.04 μg/mg for the PACs with 
different particle sizes (Table 2). Statistical analysis shows that there is 
no relationship between the particle size of PAC and qmax (p > 0.05, see 
Table S5). This suggests that the maximum pesticide adsorption capac
ities of PAC be independent of particle size. These findings are in line 
with previous studies on the adsorption of organic micropollutants by 
superfine PAC, where the similar results were suggested to be attributed 
to the non-significant alteration in pore volume of PAC after ball milling 
(Pan et al., 2017; Wang et al., 2023). However, it should be pointed that 

Table 1 
The median particle diameter, Brunauer-Emmett-Teller (BET) surface area, average pore diameter (DPore), total pore volume (VTotal) and pore size distribution, as well 
as the pH at the point of zero charge (pHPZC) of both PAC and BPACs.  

Lable Diameter (μm) BET (m2/g) DPore (nm) VTotal (cm3/g) Pore size distribution (cm3/g) pHPZC 

Micropore (<2 nm) Mesopore (2–50 nm) Macropore (>50 nm) 

PAC-38 37.8 1367 2.85 0.83 0.42 0.38 0.03 9.86 
PAC-25 25.2 1343 2.87 0.82 0.40 0.38 0.04 8.92 
PAC-12 12.4 1289 2.96 0.84 0.36 0.44 0.04 7.85 
PAC-6 5.8 1266 2.99 0.86 0.37 0.43 0.06 7.43 
PAC-1 1.1 1214 3.16 0.84 0.34 0.45 0.05 7.26  

Table 2 
logKow values of pesticides and Langmuir isotherm model parameters (KL (L/μg), qmax (μg/mg)) of PACs with varying diameters.  

Name logKow  PAC-38  PAC-25  PAC-12  PAC-6  PAC-1 

KL qmax  KL qmax  KL qmax  KL qmax  KL qmax 

Dimethoate 0.78  0.23 1.11  0.30 1.01  0.46 0.81  0.33 0.95  0.25 1.02 
Atrazine 2.61  0.72 1.43  1.34 1.24  1.58 1.28  0.98 1.38  1.38 1.25 
Isoproturon 2.87  1.52 1.59  2.43 1.44  3.46 1.35  2.72 1.39  2.19 1.52 
Thiometon 3.15  1.49 1.88  2.92 1.76  3.95 1.67  3.44 1.63  3.06 1.78 
Fenitrothion 3.30  1.70 2.64  3.00 2.59  3.14 2.66  3.33 2.66  4.29 2.46 
Diazinon 3.81  2.56 3.04  9.99 2.86  10.25 2.75  8.69 2.87  8.67 3.00  
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the qmax values were calculated based on the adsorbate concentrations at 
equilibrium adsorption (12 h in this study). It does not reflect the 
adsorption loading of the pesticides within the short retention reaction 
time (i.e, 1 h). 

Between different pesticide types, qmax values increased with the 
logKow values. Take PAC-38 as an example, the maximum pesticide 
adsorption capacities for dimethoate, atrazine, isoproturon, thiometon, 
fenitrothion and diazinon were 1.11, 1.43, 1.59, 1.88, 2.64 and 3.04 μg/ 
mg, respectively (see Table 2). This is consistent with some previous 
studies, suggesting that pollutants with higher logKow values exhibit a 

greater adsorption affinity towards PAC (Campinas et al., 2021; Jamil 
et al., 2019). This phenomenon is attributed to the hydrophobic nature 
of PAC, which preferentially absorbs hydrophobic pesticides due to the 
hydrophobic interactions or attractions at the solid-liquid interface 
(Campinas et al., 2021; Li et al., 2016). 

3.2.3. Adsorption thermodynamic 
From the principles of thermal dynamics, a positive ΔG○ indicates the 

need for external drive energy during the adsorption process, while a 
negative ΔG○ suggests a spontaneous adsorption (Saha and Chowdhury, 

Fig. 1. The adsorption kinetics of six pesticides: (a) atrazine; (b) diazinon; (c) dimethoate; (d) fenitrothion; (e) isoproturon and (f) thiometon onto parent PAC-38 and 
ball-milled PACs (PAC-25, PAC-12, PAC-6, and PAC-1) at a dosage of 10 mg/L. 
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2011). The negative standard adsorption ΔG○ values for all the six pes
ticides obtained in this study (see Table S6) support that the adsorption 
process between the pesticides and PAC occurs spontaneously. Addi
tionally, as observed in Table S6, the ΔH○ values for all six pesticides 
were negative, signifying that the adsorption processes between PAC 
and pesticides were exothermic (Saha and Chowdhury, 2011). Specif
ically, the ΔH○ values for atrazine, diazinon, fenitrothion, isoproturon 
and thiometon ranging from − 18.26 to − 41.78 kJ/mol fall within the 
typical range of 0 to − 42 kJ/mol for physical adsorption (Wang et al., 
2007), likely suggesting a nature of physical adsorption for these com
pounds. Conversely, the adsorption of dimethoate (ΔH○ 

= − 50.76 
kJ/mol) by PAC may exhibit characteristics of chemical adsorption 
(typical values of ΔH○: − 42 to − 125 kJ/mol) (Wang et al., 2007). 

For entropy change (ΔS○), a positive value suggests increased 
randomness at the solid/solution interface with some structural changes 
in the adsorbate and the adsorbent, while a negative value implies a 
decreased disorder at the solid/liquid interface during the adsorption 
process (Saha P and Chowdhury S, 2011). Nevertheless, ΔS○ may also 
reflect generally the relative randomness of adsorbate in the whole 
adsorption system before and after adsorption. This may be probably 
true in a large part, particularly when considering the thermodynamic 
parameters are calculated from adsorbate concentrations. As shown in 
Table S6, the values of ΔS○ for diazinon, fenitrothion, and thiometon 
with higher degree of hydrophobicity are positive, 71.42, 49.27 and 
21.57 J/(mol K), respectively. This indicates that these hydrophobic 
adsorbates acquired more randomness during adsorption, possibly 
because they were initially associated to some extent in solution due to 
their hydrophobic interactions with the polar solvent. Conversely, 
negative ΔS○ values were obtained for isoproturon, atrazine and 
dimethoate with a relative degree of hydrophilicity. This implies a 
decreased disorder of the adsorbates during the adsorption process in 
the adsorption system (Saha P and Chowdhury S, 2011). This may 
indicate that, being hydrophilic, these molecules would have been more 
dispersed evenly in water solution, so having more randomness in so
lution than that after they have adsorbed on the particle surfaces. From 
thermal dynamic adsorption equation (Eq. 8), the adsorption process of 
the pesticides with less hydrophobic is an enthalpy driven process. 

3.3. The residual turbidity and particle numbers after conventional CSF 
treatment 

As shown in Fig. 2, the addition of PACs increased the turbidity of the 
raw water. Specifically, adding 10 mg/L of commercial PAC-38 resulted 

in a slight rise in turbidity from 3.3 NTU to 4.6 NTU. However, when 
PAC-25, PAC-12, PAC-6, and PAC-1 were added, at the same mass 
concentration of 10 mg/L, the turbidity of the raw water increased to 6.7 
NTU, 12.8 NTU, 20.8 NTU, and 52.1 NTU, respectively. Photographic 
evidence of the raw water samples spiked with the different particle 
sizes of PAC further confirmed the observed increase in turbidity 
(Fig. S5). Following coagulation/flocculation and sedimentation, the 
turbidity of clarified water decreased significantly. Take PAC-1 as an 
example, the residual turbidity of clarified water is 7.9 NTU, which is 
notably lower than the initial value of 52.1 NTU for the raw water. The 
unsettled particles would be effectively removed by the quartz sand 
filtration, and the turbidity of filtered water was measured to less than 
0.2 NTU for all PACs (Fig. 2). 

Nevertheless, analysis of microscopic images from 0.2 μm filter 
membranes, after passing through 100 mL of filtered water by the 
granular filtration, revealed the presence of residual PAC particles 
(Fig. 3). This indicates that a small amount of very fine PAC particles 
penetrated through the sand media filter. The amounts of the escaped 
fine particles varied according to PAC sizes. To estimate the residual 
PAC number concentrations in the filtrate from sand filtration (NPAC, 
particles/mL), Eq. (8) was employed, 

NPAC =
nAve × F

V
(8)  

where nAve (particles/mm2) represents the average number of PAC 
particles per unit area, calculated based on observations from nine mi
croscope fields of view (FOV) (see Fig. S3). F (mm2) is the effective filter 
area of the membrane, and V (mL) is the filtrate volume passing through 
the membrane. 

In this study, the dimensions of the rectangular FOV are 0.0713 mm2 

(length: 310 μm, width: 230 μm), the value of F (circle, radius: 19 mm) 
and V are 1133.54 mm2 and 100 mL, respectively. For PAC particle size 
greater than or equal 5.8 μm, the values of nAve ranged from 25.2 to 33.7 
particles/mm2; while for PAC-1, the value of nAve is 162.7 particles/ 
mm2, which is significantly higher than those observed for other PACs 
with larger sizes. According to Eq. (8), NPAC can be calculated, and the 
NPAC values for both PAC and BPACs are listed in Table S7. The NPAC in 
the sand filtrate were 286–382 particles/mL for PAC-38, PAC-25, PAC- 
12 and PAC-6, whereas the NPAC for PAC-1 was up to 1844 particles/ 
mL. The above PAC number concentrations in the sand filtrate were 
comparable to those in a previous study (Nakazawa et al., 2018), and the 
results confirmed that very fine PAC (e.g., PAC-1) were less efficiently 
removed by CSF and tended to pass through the sand filter. The passing 
through of the large numbers of the PAC particles adsorbed with toxic 
pesticides in the filtrate may pose a harmful effect on human health. 
Therefore, PAC-6 was chosen for further experiments due to its more 
removable characteristics compared to PAC-1 and a faster adsorption 
rate and final removal efficiency for pesticides than other PACs. 

3.4. Examination with conventional CSF treatment coupled with PAC-6 
for pesticide removal 

The removal efficiencies of the six pesticides through CSF treatment 
with/without the commercial PAC-38 and ball-milled PAC-6 were 
compared. As shown in Fig. 4, an increase in PAC dosage led to a gradual 
decrease in the residual concentrations of these pesticides. In the 
absence of PAC, the removal efficiencies for these pesticides were only 
range from 1.7% to 13.2%, indicating that conventional CSF treatment 
alone was not adequate for removing these pesticides. This observation 
is in line with the previous studies, in which the removal efficiencies for 
most of the organic micropollutants through conventional CSF treat
ment were often limited, except for those with very high hydrophobicity 
(Alexander et al., 2012; Li et al., 2016). 

With the addition of PAC, removal efficiency of these pesticides 
increased greatly. For example, the removal efficiency of diazinon 

Fig. 2. The turbidity in raw water with the addition of 10 mg/L PAC-38, PAC- 
25, PAC-12, PAC-6 and PAC-1, the clarified water after coagulation/floccula
tion and sedimentation treatment, as well as the filtered water after 
CSF treatment. 
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gradually increased from 13.2% to 86.0% with the addition of com
mercial PAC-38 from 0 to 30 mg/L, but further increasing the PAC-38 
dosage only obtained a slight increase in the removal efficiency (Fig. 4 
(b)). In comparison, when PAC-6 was applied, the removal efficiency of 
all the pesticides increased significantly compared to those of PAC-38 
with the addition of the same PAC dosage. Take the atrazine as an 
example, adding 60 mg/L of commercial PAC-38 the concentration of 
atrazine decreased from the initial 10 μg/L to the guideline value of 2 
μg/L (SAMR, 2022). In comparison, using 15 mg/L of PAC-6 could 
achieve the similar removal efficiency while saving approximately 75% 
in activated carbon dosage (Fig. 4(a)). For the other pesticides, using 
PAC-6 instead of commercial PAC-38 could reduce the PAC dosage up to 
50%–75% for diazinon, fenitrothion, isoproturon, thiometon, and 25% 
for dimethoate. More importantly, this reduced the initial concentration 
from 10 μg/L to very low levels to meet the drinking water guidelines (4 
μg/L for diazinon (NHMRC, 2011), 6 μg/L for dimethoate (WHO, 2011; 
SAMR, 2022), 7 μg/L for fenitrothion (NHMRC, 2011), 9 μg/L for iso
proturon (WHO, 2011), and 4 μg/L for thiometon (NHMRC, 2011)). As 
detailed in section 3.2, the higher adsorption rate of PAC-6 for pesticides 
compared to PAC-38 allows it to adsorb quickly the pesticides within the 
limited retention time. 

The removal efficiencies of these pesticides by PAC-6 assisted CSF 
treatment were further evaluated under four raw source water quality 
conditions. The four surface water samples collected from the Feng 
River, the Wei River, the Shibianyu Reservoir and Hancheng Lake were 
selected for examinations. All of water samples were spiked with 10 μg/ 

L of atrazine, diazinon, dimethoate, fenitrothion, isoproturon and thio
meton for testing purpose. The experimental results demonstrated that 
the water matrices have certain impacts on the removal of pesticides 
depending on the source water qualities. As shown in Table 3, with the 
addition of PAC-38 and PAC-6, removal efficiencies of hydrophobic 
pesticides (logKow > 3.0) such as diazinon, fenitrothion and thiometon 
remained consistently comparable for the different raw water qualities, 
while those of atrazine, dimethoate and isoproturon slightly decreased. 
It has been reported that hydrophobic pesticides could bind with organic 
matter polyelectrolytes through hydrogen bonding, pi bonding, and 
hydrophobic interactions, thus subsequently be effectively removed 
through processes like PAC adsorption and/or CSF treatment (Alexander 
et al., 2012; Li et al., 2018). Therefore, with an increase in NOM, 
although the organic matter in raw water may compete for adsorption 
sites on PAC, the removal efficiencies of these pesticides exhibit slight 
variations due to the additional removal mechanisms. In the case of less 
hydrophobic organic pesticides, the observed decrease in removal effi
ciencies could be attributed to the competitive adsorption between 
pesticides and organic matter fractions (Campinas et al., 2021). Never
theless, the addition of 15 mg/L PAC-6 proved effective in achieving 
residual concentrations of target pesticides below the drinking water 
quality guidelines for all the studied raw waters, much lower than the 
dosage required for commercial PAC-38 (up to 70 mg/L). These results 
indicate that application of BPAC with sample particle sizes like the 
PAC-6 could achieve high rate adsorption of the pesticides, thus high 
removal efficiency and potential saving of activated carbon dosage for 

Fig. 3. Microscopic images of PAC and BPACs residues in filtrate: (a) without PAC addition; (b) PAC-38; (c) PAC-25; (d) PAC-12; (e) PAC-6; (f) PAC-1.  
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different water qualities. 

4. Conclusions 

This study investigated the removal efficiencies of six pesticides 
(atrazine, diazinon, dimethoate, fenitrothion, isoproturon and thio
meton) using PACs with varying particle sizes in a conventional CSF for 
drinking water treatment. Despite minimal changes in the maximum 
adsorption capacity of PAC, the adsorption rate of pesticides signifi
cantly increased with decreasing particle size. PAC-1 exhibited the 

highest adsorption rate for all target pesticides; however, its effective 
removal through conventional CSF treatment proved challenging, 
leading to a much higher concentration of PAC particles in the sand 
filtrate compared to other PACs. To address this, PAC-6 emerged as the 
optimal choice, simultaneously achieving high removal efficiencies of 
pesticides and low residual PAC particles. In pursuit of meeting drinking 
water guideline values, the application of PAC-6 in the conventional CSF 
treatment system demonstrated the potential for significant PAC dosage 
savings, reaching up to 75% when compared to commercial PAC-38. 
Notably, water matrices had minimal effects on hydrophobic 

Fig. 4. Residual concentration of (a) atrazine (guideline value (GV) of China: 2 μg/L); (b) diazinon (GV of Australia: 4 μg/L); (c) dimethoate (GV of China and WHO: 
6 μg/L); (d) fenitrothion (GV of Australia: 7 μg/L); (e) isoproturon (GV of WHO: 9 μg/L) and (f) thiometon (GV of Australia: 4 μg/L) treated by PAC-38 and PAC-6 at 
various dosages in a conventional CSF treatment process. 
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pesticides (e.g., diazinon, fenitrothion, and thiometon) but showed 
slight negative impacts on less hydrophobic pesticides (e.g., atrazine, 
dimethoate and isoproturon). The addition of 15 mg/L PAC-6 success
fully resulted in residual concentrations of target pesticides below 
drinking water quality guidelines for all studied raw waters. These 
findings demonstrated the feasibility and cost-effectiveness of employ
ing PAC-6 for removing various pesticides in the conventional drinking 
water treatment process. 
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Table 3 
Removal of pesticides from five source waters by 60 mg/L PAC-38 and 15 mg/L PAC-6.  

Source water  Removal efficiencies (%) 

Atrazine Diazinon Dimethoate Fenitrothion Isoproturon Thiometon 

Jinpen Reservoir PAC-38 84.6 ± 4.1 90.3 ± 6.2 71.8 ± 5.3 90.9 ± 6.4 82.1 ± 4.5 85.5 ± 3.4 
PAC-6 84.1 ± 2.9 92.2 ± 4.3 52.2 ± 2.4 91.5 ± 4.2 82.3 ± 5.2 84.3 ± 4.1 

Feng River PAC-38 83.1 ± 4.4 89.6 ± 4.3 67.3 ± 4.6 89.3 ± 6.4 83.6 ± 5.5 85.9 ± 6.5 
PAC-6 84.7 ± 3.4 91.0 ± 4.2 50.3 ± 5.7 90.2 ± 6.3 81.8 ± 6.3 84.1 ± 4.7 

Wei River PAC-38 79.3 ± 4.2* 89.9 ± 2.4 63.9 ± 5.5 88.7 ± 4.4 77.3 ± 2.4 82.5 ± 5.2 
PAC-6 84.2 ± 3.5 90.7 ± 5.2 49.1 ± 3.9 90.8 ± 5.5 78.2 ± 4.3 82.0 ± 2.5 

Shibianyu Reservoir PAC-38 76.3 ± 4.8* 86.6 ± 3.9 59.3 ± 5.9 86.3 ± 2.7 73.2 ± 5.1 79.1 ± 6.1 
PAC-6 82.6 ± 3.7 87.5 ± 4.0 47.5 ± 4.3 86.1 ± 3.4 76.3 ± 4.2 80.7 ± 5.5 

Hancheng Lake PAC-38 75.4 ± 4.3* 84.2 ± 6.7 60.6 ± 5.9 83.5 ± 6.0 72.6 ± 4.7 75.9 ± 4.7 
PAC-6 81.5 ± 3.6 85.9 ± 5.8 51.4 ± 5.4 84.9 ± 6.1 75.5 ± 6.3 77.2 ± 6.2 

Note: *To achieve to the guideline values 2 μg/L, a dosage of 70 mg/L PAC-38 is required. 
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