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SUPPLEMENTARY INFORMATION 

Table S1. Kinetic parameters predicted from pseudo-first-order, Dimensionless Elovich and Dimensionless Intraparticle 
Diffusion models. 

Parameters COLL MET FRE STB OSN DIG TCO RAL NBR FRU 
Pseudo-First Order 𝑞௠௔௫ (μg g-1) 4.9 ± 0.2 a 3.2 ± 0.1 2.8 ± 0.3 2.5 ± 0.2 10.1 ± 0.3 5.0 ± 0.1 5.7 ± 0.2 6.2 ± 0.0 10.6 ± 0.3 1.3 ±0.2 𝑘ଵ (min-1) 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 𝑅ଶ 0.9297 0.9589 0.8017 0.7930 0.9067 0.9463 0.9449 0.9922 0.8832 0.8508 

Dimensionless Elovich 𝑅ா 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 𝑅ଶ 0.7388 0.9525 0.7268 0.7069 0.9157 0.3215 0.8826 0.7489 0.6271 0.6998 
Dimensionless Intraparticle Difussion 𝑅௜ (min0,5) 0.3 ± 0.1 0.4 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.3 ± 0.0 0.2 ± 0.1 0.3 ± 0.0 0.1 ± 0.0 0.2 ± 0.1 0.2 ± 0.0 𝑅ଶ 0.5414 0.8467 0.5163 0.4931 0.7315 0.1746 0.7060 0.5951 0.4029 0.4029 

a Standard error. 

Table S2. Relationship between kinetic sorption, sorption parameters of 2,4-D and volcanic ash-derived soil properties. 

Parameters with positive correlation 𝑹𝟐 𝒏 p-Value 𝑂𝐶 content and 𝑞௠௔௫ 0.5090 8 0.0001 𝑂𝐶 and 𝐶ଵ 0.4276 10 0.0290 %fast ads and 𝑘ଶ 0.4269 10 0.0013 
%Type 1 sites and 𝑘ଶ 0.5165 10 0.0011 
%Type 1 sites and  ℎ 0.5165 10 0.0049 𝑘௜௡௧ଵ and 𝑘௦ 0.9333 10 0.0002 
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Table S3. 2,4-D sorption kinetic studies in variable-charge soils and permanent-charge soils. 

Sorbent Physicochemical properties Methodology Results Ref. 

 𝑝𝐻 
Inorganic soil 

constituent 
(%) 

𝐹𝑒/𝐴𝑙 a 

(%) 
𝑂𝐶 b 
(%) 

𝐶𝑙𝑎𝑦/𝑆𝑖𝑙𝑡/𝑆𝑎𝑛𝑑 
(%) 

Kinetics studies c Kinetics studies e  

Three Andisols 
and a lime silt soil 

H2O = 5.0–6.1 

Allophane 
(0.4–17.8) 
Ferrihydrite 
(0.3–2.5) 

𝑂𝑥𝑎 = (0.2–
1.4)/(0.2–6.0) 𝑃𝑦𝑟 = (0.1–
0.8)/(0.1–1.1) 

𝑂𝐶்  = 0.3–9.0 (12–35)/-/- 
2 g of soil wetted to 
gravimetric water content of  
1.5 g g-1/-/CaCl2/5 min–24 h. 

Two sorption stages: first stage, where 80% of the 
maximum sorption happens within the first hour, 
followed by the second stage of slow sorption 
after four hours. 

[1] 
 

Andisol: 
Soil removed of 𝑂𝑀 and 
hydroxides; 
Humic acids 

H2O = 5.8 
KCl = 4.5 
NaF = 11.2 

Allophane + 
Imogolite = (2.1–5.6) 

𝑃𝑦𝑟 = 0.4/1 𝑂𝑥𝑎 = (0.1–
1.2)/(0.7–4.5)  𝐶𝐵𝐷 = (0.1–4.2)/- 

𝑂𝐶(Oven-dry basis) = 
0.2–7.2 

-/-/- 
250 mg in 5 mL/4–8/CaCl2/1–
32 h. 

Sorption velocity negatively correlated with 𝑝𝐻 
(𝑝𝐻 between 4.5 and 6.5). The highest sorption 
happens within the first four hours. 

[2] 
 

Nine arable soils 
H2O = 5.3–8.2 
KCl = 4.4–8.0 

  
𝑂𝐶 
0.7–3.2 (6–42)/(5–49)/(13–90) 1:2/-/CaCl2/-d 

The slow 2,4-D sorption kinetic was due to a 
diffusive process mainly. The authors observed a 
direct correlation between time -𝑂𝐶. 

[3] 
 

Six soils from Iraq 
H2O = 7.4–8.0 
CaCl2 = 7.2–7.8   

𝑂𝐶(Walkley-Black)= 
1–4 (15–38)/(23–51)/(2–11) 1:3/-/CaCl2/0.5–120 h. 

Fast sorption: 𝑘ଵ (h-1) = 0.1–2.0; Fast desorption: 𝑘ଶ (h-1) = 5.0–5.4; Slow sorption: 𝑘ଷ (h-1) = 9.9E-4–

2.4E-2; Slow desorption: 𝑘ସ (h-1) = 2E-6–2.1E-2. 
Significative correlations between 𝑂𝐶-𝑘ଵ(+); 𝑂𝐶-𝑘ଷ(+); 𝑝𝐻-𝑘ସ(-) and sorption-𝑝𝐻 (+). A dual 
sorption/desorption model was used. This model 
assumes the existence of slow and fast 
sorption//desorption. The adjustments were found 
to be significant until a period of agitation of 48 h. 
This model does not describe the 2,4-D sorption 
kinetic in soil with low 𝑂𝐶 content. 

[4] 
 

One Andisol and 
pure kaolinite. 
*VChS 

H2O = 6.2~6.8 
H2Okaolinite = 6.2 

  
𝑂𝐶௦௢௜௟ = 12 𝑂𝐶kaolinite = 0.1 

𝐶𝑙𝑎𝑦 + 𝑆𝑖𝑙𝑡soil = 58 𝑆𝑎𝑛𝑑soil = 42 𝐶𝑙𝑎𝑦 + 𝑆𝑖𝑙𝑡kaolinite = 100 

Soil: 
1:10/6.5 and 4/NaCl+CaCl2/3–
48 h. 
Kaolinite: 
1:10/4/NaCl+CaCl2/1–24 h. 

The 2,4-D reached a sorption maximum in 
kaolinite earlier than soil (1 h and 6 h, 
respectively). Two desorption stages were 
observed on Andisol at 𝑝𝐻 6.5. First is a fast 
desorption stage followed by a slow one. 

[5] 
 

Soil from Nigeria; 
Soil removed from 
Fe/Mn oxides and 𝑂𝐶. 
*VChS 

CaCl2 = 6.8–7.3 

Mainly 
components: Fe2O3 
(hematite), SiO2 
(quartz) and Al2O3. 

Tot = 181–492 
(μmol g-1) 

𝑂𝐶்= 3–20  1:200/CaCl2/7/0.03–24 h. 

Pseudo-second order: 𝑘ଶ (g mg-1 h-1) = 1.0–8.8 (𝑅ଶ 
= 0.970–0.998); ℎ (mg g-1 h-1) = 0.07–0.14 (𝑅ଶ = 
0.970–0.998); Elovich: 𝛼 (mg g-1 h) = 0.07–0.14; 𝛽 
(g mg-1) = 0.04–0.06 (𝑅ଶ = 0.866–0.978). Weber-
Morris: 𝑘௜ௗ(mg kg-1 h-0.5) = 0.03–0.06 (𝑅ଶ = 0.648–
0.933); Liquid film Diffusion: 𝑘௙ௗ (h-1) = -1.3–0.2 

[6] 
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Types of 𝐹𝑒/𝐴𝑙: 𝑃𝑦𝑟 = Extracted with pyrophosphate (associated with 𝑂𝑀); 𝑂𝑥𝑎 = Extracted with oxalate (amorphous); 𝐶𝐵𝐷 = citrate bicarbonate dithionite extracted 
(free form); Tot = total by sequential extraction.; a 𝐹𝑒/𝐴𝑙 = Iron/Aluminium;  b 𝑂𝐶= organic carbon; 𝑂𝑀 = organic matter; 𝑂𝐶் = Total 𝑂𝐶; 𝑂𝐶௦ = Soft 𝑂𝐶 (humic/fulvic 
acids and lipids); 𝑂𝐶௛= Hard 𝑂𝐶 (black carbon); c Kinetic experimental conditions: soil:solution relation/background electrolyte/contact time/observations; d Centrifugation 
parameters: 130 g of soil sample at –33 kPa, incubated for one and seven days; e h = initial sorption velocity (from pseudo-second order model); 𝐶ଵ and 𝐶ଶ = thickness of 
the boundary layer associated with the first and second sorption phase, respectively (from Weber-Morris model); 𝑘௜ = sorption/desorption velocity constant; 𝛼 = initial 
sorption velocity (from Elovich model); 𝛽 = activation energy for chemisorption (from Elovich model).  

(𝑅ଶ  = 0.944–0.976). A positive correlation 
between Fe/Mn/𝑂𝐶 remotion and specific surface 
area. Fast initial transfer to the boundary layer, 
chemisorption and external diffusion were the 
predominant mechanisms. The highest 𝑘ଶ was 
found when 𝑂𝑀 was removed, and the lowest 
was found in the original soil. 

Calcareous soil 
from Turkey 

H2O = 8.4 
Silicon oxide = 2.1 
Carbonate = 96 

 

𝑂𝐶் = 1 𝑂𝑀் = 2 𝑂𝐶௦ = 78 𝑂𝐶௛= 22 

3/30/67 

1:5/Natural/Acetone/5–360 
min 
sorption/desorption kinetics 
using two concentrations (0 
and 100 mg L-1). 

Pseudo-first order: kଵୱ୭୰୮୲୧୭୬= 1.5E-5–3.1E-5 (𝑅ଶ 2= 
0.978–0.989); kଵୢୣୱ୭୰୮୲୧୭୬= 7.7E-7 (R2= 0.989–0.991); 
Pseudo-second oder: kଶୱ୭୰୮୲୧୭୬(s-1) = 0.5–1.1; kଶୢୣୱ୭୰୮୲୧୭୬= 1.3E-8–8.30E-8 (𝑅ଶ  = 0.913–0.927). Two 
phases of sorption: initial fast sorption followed 
by a slow phase. Two phases of desorption 
mechanism, initial fast desorption followed by a 
slow phase, pointing out the existence of 
hysteresis. Fast desorption was attributed to 𝑂𝐶௦ 
and slow desorption to 𝑂𝐶௛. 

[7] 

Volcanic Soil H2O = 5.2   
𝑂𝑀(Walkley-Black) = 
15 

17/43/40 
1:10/4–6/CaCl2/15 min-24 
h/Effect of urea application 
and 𝑝𝐻 modification.  

Hyperbolic: 𝑞௠௔௫ (mg kg-1) = 5.8–9.2 (𝑅ଶ  = 0.740–
0.874). Pseudo-second order: 𝑘ଶ (g mg-1 h-1) = 120–
280; ℎ (mg kg-1 h-1) = 11.5–25.0 (𝑅ଶ  = 0.996–0.999). 
Elovich= (1/y) lnxy (mgkg-1) = 5.0–8.9; 1/y (mg kg-1) 
= 0.2–1.4 (𝑅ଶ  = 0.939–0.995). Weber-Morris: 𝐶ଵ 
(mgkg-1) =3.4–8.4; 𝐶ଶ (mg kg-1) = 4.6–8.9; 𝑘௜௡௧ଵ 
(mg kg-1 h1/2) = 0.5–3.2; 𝑘௜௡௧ଶ (mg kg-1 h1/2) = 0.1–1.1 
(𝑅ଶ  = 0.937–0.997). The 𝑘ଶ values increased with 
the urea application. A negative correlation was 
observed between ℎ-𝑝𝐻 and 𝐶-𝑝𝐻. The initial 
fast sorption the first hours at more accessible 
sorption sites, followed by slower sorption ruled 
by IPD (𝑘௜௡௧ଶ) to soil micropores. The sorption 
velocity was found to be slow. This was associated 
with the presence of the 2,4-D on its anionic form. IPD did not rule the herbicide sorption. 

[8] 
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Table S4. 2,4-D sorption studies in variable-charge soils and permanent-charge soils. 

Sorbent 
Physicochemical parameters Methodology Results Ref. 𝒑𝑯/PZNC Minerals 

𝑭𝒆/𝑨𝒍 
(%) a 

𝑶𝑪 or 𝑶𝑴 
(%) b 

𝑪𝒍𝒂𝒚/𝑺𝒊𝒍𝒕/𝑺𝒂𝒏𝒅 
(%) 

Batch studies c Sorption-desorption studies g  

Oxisol from Brazil 
CaCl2 = 4.9 
 
PZC = 4.1 

Kaolinite > 
Gibbsite >> 
Hematite ≈ 
Goethite 

 
𝑂𝐶(Walkley and Black) 
= 1.6 

64/-/- 1:2/2.5–6.5 /CaCl2/24 h 

𝐾ௗ (L kg-1) = <5 – 30; 𝐾ை஼  (L kg-1) = < 200 – 1700 (𝑅ଶ= 
0.993). Negative correlation between 𝐾ௗ 𝑝𝐻. The 
authors suggest that the main 2,4-D sorption in soils is 
through its molecular form by interactions of this with 𝑂𝑀. A decrease in the 2,4-D sorption with the removal of 𝑂𝑀 was observed in all the 𝑝𝐻 range. Predictive 𝐾ௗ equation as a function of 𝑝𝐻: 𝐾ௗ = ሼ𝑘´𝑂𝐶ௗ𝑓ௗ) +(𝑘௢௖௡ 𝑓௡ሽ ∗ 𝐹௢௖∅௠. This equation does not limit to VADS. 
It is proposed that variation in the 𝑝𝐻 can cause 
conformational changes to 𝑂𝑀, thus influencing 
sorption. 

[9] 

Granitic Regosol 
and Dystrophic 
Red Latosol soils. 

H2O = 4.6–6.5 
KCl = 4.1–4.5 
CaCl2 = 4.3–5.1 

  𝑂𝐶= 0.2–4.6 9–16/4–4.8/52.8–80 1:1/4.0–7.9/CaSO4/24 h 

𝐾ௗ (L kg-1) = 0.02–2.76 (𝑅ଶ= 0.823–0.993); 𝐾ை஼  (L kg-1) = 
5.3–287; 𝐾௙ (L kg-1) = 0.06–4.21 (𝑅ଶ= 0.944–0.999). Results 
were fitted to Freundlich and Linear models. Negative 
correlations between log𝐾ௗ-𝑝𝐻 and log𝐾ை஼-𝑝𝐻. The 
following predictive sorption equation was obtained: log 𝐾ௗ = 3.83 − 0.39𝑝𝐻 + log 𝐶௢௖ (SD =24%). 

[10] 

Thirteen 
agronomic soils 
(cambisol, calcisol 
and regosol) 

H2O = 5.3–8.2   𝑂𝑀= 1.1–6.0  
10.4–53.6/13.8–55.4/5.5–
73.5 

1:5/-/CaCl2/16 h  

𝐾௙.௔ௗ௦ (mgଵି୬౜l୬౜kgିଵ) = 2.5–8.7. Mean desorption = 
49.5%. Results were adjusted to Freundlich model. 
Positive correlation between 𝐾௙.௔ௗ௦-𝑂𝑀. There was not 
found a significant correlation between 𝐾௙.௔ௗ௦- 𝑝𝐻. This 
is associated with the fact that the 2,4-D would be found 
in its anionic form at every 𝑝𝐻 studied. The following 
predictive equation was found: 𝐾௙ = 0.771 𝑂𝑀 −0.682 𝑝𝐻 + 5.837. No significant correlations were found 
to either desorption-𝑝𝐻 or desorption-𝑂𝑀. 

[11] 

Four Oxisols soils. 
Three Andosols 
soils. Two Ultisol 
and Alfisol soil 
 
*VChS. 

H2O = 4.7–6.1 
 
PZNC= <1- 5.1 

Allophane. 
Quartz (less)-
Gibbsite. 
Kaolinite. 

𝐶𝐵𝐷 = 1.05–13.3/ 
0.185–2.83 [12] 

𝑂𝐶= 0.7–9.0 20–82/-/- 

1:5–1:20/  
Ajusted to natural 𝑝𝐻/CaCl2-Ca(H2PO4)-CaSO4-
KH2PO4-KCld /24h 
 

𝐾ௗ (L kg-1) = 0.26–18.5 (𝑅ଶ>0.96); Log 𝐾ை஼.஼௔(ୌଶ୔୓ସ) (L g-1) 
= 0.77–2.99. Results were fitted to Linear Model. 2,4-D 
sorption as a function of the electrolyte: CaCl2 > KCl > 
CaSO4 > Ca(H2PO4) ≈ KH2PO4. The 2,4-D adsorbed 
fractions according to mechanisms: Hydrophilic greater 
than hydrophobic; Anionic exchange greater than Ca+2-
bridge (associated with the presence of kaolinite and 
quartz). 
A positive correlation between hydrophilic adsorbed 
fraction and 𝐴𝐸𝐶/𝐶𝐸𝐶 rate. Significative correlation 

[13] 
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between hydrophobic sorption-𝑝𝐻(-) and hydrophobic 
sorption-𝐾௢௪  (+). 

Three Andisol soils 
and a loam silt soil 

H2O = 
5.0–6.1 

Allophane 
(0.4–17.8) 
 
Ferryhydrite 
(0.3–2.5). 

𝑂𝑥𝑎 = (0.16–1.44)/ 
(0.15–6.01) 
 𝑃𝑦𝑟 = (0.05–0.76)/ 
(0.05–1.09) 

𝑂𝐶்= 0.32–9.00 (11.9–34.7)/-/- 
2g wetted to gravimetric 
content of 1.5 g g-1/-
/CaCl2/24h 

𝐾௙ (-) = 0.27–7.20 (𝑅ଶ = 0.98–1.0); 𝐾ௗ(L kg-1) = 0.16–5.23 
(𝑅ଶ = 0.89–0.98). Results were fitted to Freundlich model. 
The 𝐾ௗ of allophanic soils is higher than that of loam silt 
soil. Positive correlation between 𝐾ௗ-𝑂𝐶, 𝐾ௗ-CEC, 𝐾ௗ-
allophane and 𝐾ௗ-ferrihydrite. No significant correlation 
with pH was found. The possible presence of hummus-
Al complex would diminish the positive charge of 
allophane, thus decreasing sorption. 

[1] 

Andisol Soil 
(removed of 𝑂𝑀 
and metallic 
hydroxides); humic 
Acid 

H2O = 
5.8 
 
KCl = 
4.5 
 
NaF = 
11.2 

Allophane + 
Imogolite 
(2.1–5.6) 

𝑃𝑦𝑟 = 0.4/1 
 𝑂𝑥𝑎 = (0.1–1.2)/ 
(0.7–4.5)  
 𝐶𝐵𝐷 = (0.1–4.2)/- 

𝑂𝐶 = 0.15- 7.19 -/-/- 
0.25 g in 5 mL/4–8/CaCl2/4h 
 
 

A negative correlation between sorption and 𝑝𝐻. The 
weak interaction of 2,4-D with 𝑂𝑀 is given primarily 
with metal-𝑂𝑀 complexes and not by hydrophobic 
interactions. Strong interaction with active hydroxyls 
derived from allophane, imogolite, ferrihydrite, goethite 
and metal-𝑂𝑀 complexes by ligand exchange. 

[2] 

Nine arable soils 

H2O =  
5.3–8.2 
KCl = 
4.4–8.0 

  𝑂𝐶 = 0.0–3.2 
(5.6–41.5)/ 
(4.6–48.7)/ 
(12.8–89.8) 

1:2/CaCl2/72h 
batch and centrifugatione 

𝐾ௗ.௕(mg L-1) = 0.36–3.08; 𝐾ௗ௖ଵ(mg L-1) = 0.44–2.11. 𝐾ௗ௖଻(mg L-1) = 0.53–2.88. Through the batch method, 
higher sorption coefficient values were obtained above a 
specific sorption level. 

[3] 

Five soils from 
Slovakia 

H2O = 5.8–8.4 

Illite and 
Esmectite > 
Caolinite and 
Cloryte 

 𝑂𝐶 = 0.5–2.4  1:5/Natural/CaCl2/48 h 

𝐾௙ (mgଵିଵ/௡Lଵ/୬kgିଵ) = 0.16–3.03 (𝑅ଶ= 0.90–0.99); 𝐾ை஼  (L 
kg-1) = 33–192. Results were fitted to Freundlich model. 
Positive correlation between 𝐾௙-𝑂𝐶. According to 𝐾ை஼  
values, 2,4-D should present medium-high mobility in 
these soils. 

[14] 

Six soils from Iraq 
H2O = 7.4–8.0 
 
CaCl2 = 7.2–7.8 

  
𝑂𝐶(Walkley-Black) = 
1.0–3.8 

14.5–38.0/ 
22.5–50.7/ 
2.0–11.4 

1:3/-/CaCl2/48 h 

𝐾ௗ.௧௘௢ = 1.74–40094; 𝐾ௗ.௘௫௣= 0.20–7.89. The 𝐾ௗ.௧௘௢ was 
calculated through kinetic coefficients obtained in this 
same study. Significative differences were found 
between theoretical and experimental sorption 
associated to the existence of non-equilibrium. The dual 
velocity model does not describe the kinetic behaviour of 
the herbicide on soils with low 𝑂𝐶. Positive correlations 
between 𝑂𝐶-𝐾ௗ.௘௫௣ and 𝐾ௗ.௘௫௣ −  𝑘ଷ. No significative 
correlation was found between 𝐾ௗ.௘௫௣-𝑝𝐻. It was found 
that the low velocity sorption coefficient controlled 
sorption. 

[4]  

Five agronomic 
soils from Spain 

KCl = 6.3–8.4   𝑂𝐶 = 0.3–1.0 
2.5–65.9/ 
2.2–45.8/ 
2.7–92.8 

Natural/CaCl2/72 h 
𝐾ௗ(mLg-1) = 0.32–2.49. Positive correlations between 𝐾ௗ-𝑂𝑀; 𝐾ௗ-𝐶𝑂ଷଶି; 𝐾ௗ-𝑐𝑙𝑎𝑦 (the highest correlation). 
Negative correlation between 𝐾ௗ-𝑝𝐻. 

[15] 



Int. J. Environ. Res. Public Health 2021, 18, 6264 6 of 11 
 

 

Andisol soil 
*VChS 

5.7–6.8   𝑂𝑀 = 1.7–19.3 

𝑆𝑖𝑙𝑡 + 𝐶𝑙𝑎𝑦 
31.1–58.1/ 
-/ 
41.9–64.7 

1:2/4.2–7.9/CaSO4 

(NaCl+CaCl2)/24–48h 

𝐾ௗ (L kg-1) = 0.3–41.1 (𝑅ଶ = 0.93–0.99); 𝐾௙= 0.1–52.5 (𝑅ଶ = 
0.76–0.99). Positive correlation between log (𝐾ௗ)-𝑆𝑂𝑀. A 
negative correlation between log (𝐾ௗ)-𝑝𝐻. The following 
predictive equation was found: log(𝐾ௗ) =  2.04 −0.37𝑝𝐻 + 0.91 log  (𝑆𝑂𝑀) (𝑅ଶ = 0.83). This predictive 
equation is efficient for VADS, but its efficiency is 
reduced in mineral soils. The 𝐶𝐸𝐶 also was found to be 
an influential parameter. 

[16] 

Two soils from 
Maryland with 
different kind of 
grass thatch. 

    
(8.7–12.8)/ 
(10.2–15.8)/ 
(71.2–81.2) 

Modified batch f. 
𝐾௙ (mg(1–1/n) L1/nkg-1) = 0.35–3.14 (𝑅ଶ= 0.96–0.99). Results 
were fitted to Freundlich model. 
  

[17] 

Eight soils from 
Canada (Ap 
horizon at low, 
medium and high 
slope and on field 
depression). 

H2O = 6.0–7.6 
 

  𝑂𝐶 = 0.7–4.0  

1:2/Natural/CaCl2/24 h. 
 
Chemical and structural 
characteristic of 𝑂𝑀 were 
determined and associated 
to sorption. 

𝐾ௗ (L kg-1) = 0.56–12.54; 𝐾ை஼  (L kg-1) = 76–315. Soils from 
low slope got higher 𝐾ௗ values than those on high 
slope. High slope got higher 𝐾ை஼  values than field 
depression at higher free C.  
Positive correlation between 𝐾ௗ-𝑂𝐶, 𝐾ௗ-𝐻𝐴𝐶 − 𝑂𝐻, 𝐾ௗ- 𝐹𝐴𝐶 − 𝑂𝐻, 𝐾ௗ– 𝐻𝑈𝐶, 𝐾ௗ-𝜀 − 280 𝐻𝐴 − 𝑂𝐻. Positive 
correlation between 𝐾ை஼-𝐻𝐴𝐶 − 𝑂𝐻, 𝐾ை஼-𝜀 − 280 𝐻𝐴 −𝑂𝐻 and 𝐾ை஼-aromatic-C. Any correlations were found 
between 𝐾ௗ-functional groups. Possible mechanism: 
Ligand Exchange between COO- from 2,4-D and surface 
hydroxyls from de metal-humic complexes.h 

[18] 

Two Canada sites. 
591 samples. 

6.5–9.4   𝑂𝐶= <0.0–5.4 
<0.01–48.65/ 
2.60–76.14/ 
<0.01–97.41 

1:2/-/CaCl2 

𝐾ௗ (L kg.1) = 0.01–6.78; 𝐾ை஼ (L kg.1) = 56–170. Positive 
correlation between 𝐾ௗ-𝑂𝐶. Negative correlation 
between 𝐾ௗ-𝑝𝐻. Significative correlation between 𝐾ௗ  
obtained by NIRS and 𝐾ௗ obtained from pedotransfer 
equation (R2 = 0.82–0.90). Pedotransfer equation with the 
highest R2: Kୢ = 0.54 + 1.05(SOC%) − 0.15(pH). 

[19] 

Soils from 
Malaysia. loam 
clay and clay 

5.82–6.17   𝑂𝐶= 2.1–6.0 
39.07–50.26/ 
26.76–28.51/ 
21.23–34.17 

1:5/3-10/-/4 h 
 
 

𝐾ௗ (mL g-1) = 33.83–18.12, 𝑅ଶ = 0.98–0.99; 𝐾௙ = 18.83–
31.52; 𝐾ை஼  = 569.63–862.5. Higher sorption is associated 
with greater 𝑂𝐶 content. Negative correlation between 𝐾ௗ-𝑝𝐻. 

[20] 

Andisol soil 
 
*VChS 

H2O =  
6.2–6.8 

  𝑂𝐶= 12.3 

𝐶𝑙𝑎𝑦 + 𝑠𝑙𝑖𝑡 = 58.1 
Sand = 41.9 
 
Sorption was studied in 
soil and pure kaolinite 

1:10/4–6.5/NaCl+CaCl2/24 h. 
 
Sorption/desorption 
isotherms. 
Three consecutive 
desorption. 

𝐾௙.௔ௗ௦ = 0.87–44.46 (𝑅ଶ = 0.99), 𝐾௙.ௗ௘௦ = 1.56–82.4 (𝑅ଶ = 
0.56–0.99), 𝜔 = 81–1079. Results were fitted to Freundlich 
model. It was found that Andosol presented higher 
sorption than kaolinite. Significative correlations to 
Andosol between 𝐾௙.௔ௗ௦-𝑝𝐻 (-); 𝐾௙.ௗ௘௦-𝑝𝐻 (-); 𝜔-𝑝𝐻 (-); 𝜔-initial concentration (-). It is suggested that at lower 𝑝𝐻 strong interaction occurs through ligand exchange. 
At higher 𝑝𝐻, weaker interactions would happen, such 
as ionic Exchange. No significative correlations were 

[5] 
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found to kaolinite, but similar trends to Andosol were 
found. 

Soils from Nigeria; 
Soils removed of 
Mn and Fe oxides 
and 𝑂𝐶 
 
*VChS 

CaCl2 = 6.84–
7.28 
 
PZQ = 5.4–6.7 
 

Main 
components:  
Fe2O3 
(hematite). 
SiO2 (quartz) 
y Al2O3 

𝑇𝑜𝑡 = 181.3–492.3 
(μmol g-1) 

𝑂𝐶் = 3.3–20.1  

1:200/7/CaCl2/24h. 
 
Sorption/desorption under 
oxic and anoxic conditions. 
 𝑝𝐻 effect was evaluated on 
a different batch experiment 
(𝑝𝐻 3–8). 

𝐾௙.௔ௗ௦(mg g-1 mg L-1) = 1.002–1.148 (𝑅ଶ= 0.985–0.998); 𝐾ௗ.௔ௗ௦ (L kg-1) = 0.326–1.404; Log 𝐾ை஼.௔ௗ௦ (mg kg-1 (mg L-

1)-1) = 0.91- 3.13; Log 𝐾ை஼.ௗ௘௦ (mg kg-1 (mg L-1)-1) = 0.67–
1.4; Log 𝐾ௗ.ௗ௘௦ (L g-1) = 0.56–1.32; 𝐻 = 0.415–0.966. 
Results were fitted to Freundlich and Lineal model. L-
type isotherms were found. The highest sorption under 
oxic and anoxic conditions was found in the absence of 𝑂𝑀. This is associated with the unblock of sorption sites 
showing lower desorption. It was found that oxides 
showed higher relevance than 𝑂𝑀 on the sorption 
mechanism through electrostatic interactions. Anoxic 
conditions diminished sorption and increased 
desorption. Negative correlations between 𝐾ௗ-𝑂𝐶 and 𝐾ௗ-𝑝𝐻. 

[6] 

Mineral soil from 
West Achaia 

   𝑂𝐶் = 1.4 13/4/83 -/-/-/24 h 
𝐾ௗ (m3n kg−n) = 0.0246. The 2,4-D sorption parameters 
were estimated by fitting the Freudlich model. 

[21] 

Calcareous soil 
from Turkey 

H2O =  
8.4 

Silicon oxide = 
2.1 
Carbonate= 96 

 

𝑂𝐶் = 1.0 𝑂𝑀் = 1.7 𝑂𝐶௦ = 78 𝑂𝐶ு = 22 

3/30/67 1:5/Natural/Acetone/48 h 

𝐾ௗ (L kg.1) = 0.66; 𝐾௙ (-) = 2.37. Results were fitted to 
Freundlich and Linear model. No correlation was found, 
but it is suggested that 𝑂𝑀 is relevant to the 2,4-D 
sorption. 

[7] 

a Types of 𝐹𝑒/𝐴𝑙: Extracted with pyrophosphate (𝑃𝑦𝑟) (associated with 𝑂𝑀); Extracted with oxalated (𝑂𝑥𝑎) (amorphous); 𝐶𝐵𝐷 = citrate bicarbonate dithionite extracted 
(free form); Tot = total by sequential extraction; b 𝑂𝐶 = Organic carbon; 𝑂𝐶் = total organic carbon; 𝑂𝐶௦ = Soft organic carbon (humic/fulvic acids and lipid); 𝑂𝐶ு = hard 
organic carbon (black carbon); c Batch parameters: ratio soil: solution/pH /background electrolyte/agitation time; d Electrolytes are associated with the fraction of the soil. 
and every fraction is associated with and sorption mechanism; e Centrifugation method parameters: 130 g of sample with a humidity level of –33 kPa, incubated for 1 and 
7 days; f Isotherms were determined through column flow and leaching analysis; g 𝐾ௗ = Linear sorption coefficient; 𝐾ௗ.௕ = 𝐾ௗ determined through batch; 𝐾ௗ௖ଵ=  deter-
mined through centrifugation at the first day of incubation; 𝐾ௗ௖଻ = determined through centrifugation at the seventh day of incubation; 𝐾௙ = Freundlich coefficient; 𝐾ை஼  
= sorption coefficient normalised to 𝑂𝐶. In the case of no “ads” subindices, results shown correspond to sorption and there is no desorption data; h HA-OH: Humic acids 
extracted with NaOH; FA-OH: Fulvic acids extracted with NaOH; HU: humin + inorganic particles; ε-280: molar absorptivity at 280 nm. 
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Table S5. Exploratory MLR models for 2,4-D sorption on volcanic ash-derived soils. 

Equation 
Subset Selection 

Methods MLR  𝑹𝟐 𝑹𝒂𝒅𝒋𝟐  AIC F-test p-Value 

(1) 
Stepwise full/ 
Stepwise fwd 

𝐾௙ = –20.39820 + 16.72031 (𝐼𝐸𝑃) + 1.96378 (𝐹𝑒஽஼஻) – 0.08585 (𝑝𝐻  𝑆𝑖𝑙𝑡) 0.8038 0.7057 34.4 8.193 0.0153 

(2) 
Stepwise bwd/ 

Best Subset 
Selection 

𝐾௙ = –19.09927 + 17.32191 (𝐼𝐸𝑃) + 0.40808 (𝑝𝐻  𝐹𝑒஽஼஻) – 0.09832 (𝑝𝐻  𝑆𝑖𝑙𝑡) 0.7997 0.6995 34.6 7.985 0.0162 

(3) 
Stepwise full/ 
Stepwise bwd 

𝐾௙  = –12.478787 + 16.919386 (𝐼𝐸𝑃) + –0.006472 (𝑆𝑎𝑛𝑑  𝐶𝑙𝑎𝑦) + 0.414213 
(𝑝𝐻  𝐹𝑒஽஼஻) – 0.109229 (𝑝𝐻  𝑆𝑖𝑙𝑡) 

0.8108 0.6595 36.0 5.358 0.0471 

(4) Stepwise fwd 
𝐾௙ = –18.9821 + 18.1318 (𝐼𝐸𝑃) – 0.4712 (𝐼𝐸𝑃  𝐹𝑒௉௬௥௢) + 2.0203 (𝐹𝑒஽஼஻) – 0.1017 

(𝑝𝐻  𝑆𝑖𝑙𝑡) 
0.808 0.6545 36.2 5.262 0.0488 

(5) 
Best Subset 

Selection 
𝐾௙ = –26.5332 + 12.0289 (𝐼𝐸𝑃) + 0.5440 (𝐹𝑒ை௫) + 0.9615 (𝐹𝑒஽஼஻) 0.6053 0.408 41.39 3.068 0.1127 

Note: fwd = forward; bwd = backward; 𝑅௔ௗ௝ଶ  = adjusted 𝑅ଶ ; AIC = Akike Information criteria; p-value for soil descriptors: 𝐼𝐸𝑃 < 0.001, 𝑝𝐻  𝑆𝑖𝑙𝑡 < 0.01, 𝑝𝐻  𝐹𝑒஽஼஻ < 0.05, 𝐹𝑒஽஼஻ < 0.05; n = 10. 𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (𝑉𝐼𝐹)ௌ௢௜௟ ௗ௘௦௖௥௜௣௧௢௥௦ < 2.3. 
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Table S6. Experimental Raman and surface enhanced Raman scattering wavenumbers with relative intensities of 2,4-D 
and 2,4-D-NBR soil systems and the most probable band assignments. 

Raman  
2,4-D 

SERS  
2,4-D/ Ag 

SERS  
2,4-D/adsorbed NBR 

soil 
Most probable bands assignment 

1661 w 1650 vw  ν CC (ring) 
1591 m 1552 vw  νas COO- + ν CC (ring) 
1441 s   νs COO- + ω CH2 

1393 vw 1359 w  ω CH2 
1310 w   νCC 
1255 s 1204 m 1199 s δCH (ring)  

1159 vs 1135 s  δ CH (ring) 
1104 m  1102 m ν CC (ring) + νCO 
1050 w  1048 m δ CH (ring) + νC-O-C 
1024 w 1029 m 976 w ν CC (ring) + ν CO 
892 s 889 m  ν C-COO- 
838 s 808 m  ν C-C  
717 s 719 w  ν C-Cl + ring def. 
683 w  671 w Ring def. 
645 s 637 m  ν CC (ring) + ν C-Cl 

592 vw   Ring def. 
456 vw  476 m Ring def. out of plane 
413 s   Ring def. + ν C-Cl 

ν, stretching; δ, deformation; ω, wagging; νs, symmetric stretching; νas, antisymmetric stretching; Relative intensity: vs, 
very strong; s, strong; m, medium; w, weak; vw, very weak. Wavenumbers in cm–1. 

  



Int. J. Environ. Res. Public Health 2021, 18, 6264 10 of 11 
 

 

Time (min)

0 20 40 60 80 100 120 140

Ln
 (q

 m
áx

/ q
 t)

-4

-3

-2

-1

0

1

2

3

4

 
(a) 

ln (t / t ref)

-4 -3 -2 -1 0

q 
t /

 q
 re

f 

0,2

0,4

0,6

0,8

1,0

1,2

1,4

 
(b) 

1 - sqrt (t / t ref)

0,0 0,2 0,4 0,6 0,8 1,0

q 
t /

 q
 re

f

0,2

0,4

0,6

0,8

1,0

1,2

1,4

 
(c) 

Figure S1. Plot for 2,4-D sorption on volcanic ash-derived soils: COLL ( □), MET (×), FRE (☆), STB (◇), OSN (▽), DIG (△), 
TEM (), RAL (+), NBR (○) and FRU ( ). (a) Pseudo-First Order, (b) Dimensionless Elovich equation; (c) Dimensionless 
Intraparticle Diffusion Equation. Symbols represent the experimental data, and lines represent the theoretical curves de-
scribed by each model. 
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