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1. Introduction

Sulfonamides (SAs) are one of the groups of antibiotics most widely used in veterinary medicine, favored

by their wide spectrum, low cost, and relatively high efficacy against bacterial diseases [1]. In fact, SAs

consumption for veterinary medicine in Europe was just behind that of tetracyclines and penicillins

during 2016 [2]. SAs are poorly absorbed by livestock and up to 90% are excreted through feces and

urine, reaching soil by spreading of organic amendments [3]. In fact, SAs residues are frequently detected

in amended agricultural soils [4, 5]. Once on soil, SAs are subjected to different physicochemical and

biological processes in the soil-water system, such as degradation, leaching and adsorption/desorption,

which depend on both antibiotics characteristics and soil properties [6]. Because SAs are very stable in

the dark [7], adsorption/desorption is the main process that governs its environmental fate. In addition, the

adsorption process also determines its bioavailability towards soil microorganisms [7]. Due to their low

adsorption coefficients, SAs are considered as the most mobile antibiotics in the soil [7], so they are

easily susceptible to being transported to other compartments, being commonly detected in waters [6] and

crops [4]. Therefore, it is necessary to evaluate the efficacy of different measures which could be

implemented to reduce its mobility, thus preventing its entry into the food chain and diminishing its

impacts on human and environmental health. In this study we evaluated the influence of three different

byproducts (mussel shell- MS, wood ash- WA, and pine bark- PB), at different doses (0, 12, 24 and 48 t

ha-1), on the adsorption/desorption behavior of sulfadiazine (SDZ), sulfamethazine (SMT), and

sulfachloropyridazine (SCP), when spread on three agricultural acidic soils.

2. Experimental

Chemicals, soil samples and byproducts 

The antibiotics SDZ (99.7% purity), SMT (99.6% purity), and SCP (99.7% purity) were from Sigma-

Aldrich (Barcelona, Spain), with main chemical characteristics shown in Table 1. Acetonitrile was of 

HPLC grade, from Fisher Scientific (Madrid, Spain), 

while all other chemicals were of high purity 

analytical grade, from Panreac (Barcelona, Spain). 

To carry out the study, 3 agricultural soils located in 

Galicia (NW Iberian Peninsula) were selected, which 

were previously sampled and characterized by Conde-

Cid et al. [4]. On the other hand, three byproducts 

were used as soil amendments: mussel shell, wood ash 

and pine bark. Mussel shell and pine bark were 

provided by Abonomar S.L. (Illa de Arousa, Galicia, 

Spain) and Geolia (Madrid, Spain), respectively. Wood ash was from a combustion boiler in Lugo 

(Galicia, Spain). Table 2 shows the main physicochemical characteristics of the soil samples and the 

byproducts used.  

 
MW Log KOW

[8] pKa
[9] WS[10]

  
pH 3 pH 5 pH 7

 

SDZ 250.3 -0.10 -0.14 -1.05 2.10-6.28 77 

SMT 278.3 0.16 0.27 0.14 2.07-7.49 1500 

SCP 284.7 0.68 0.69 -0.80 1.87-5.45 35 

Table 1. Main physicochemical 

characteristics of the three sulfonamides.

MW (g mol-1): molecular weight; WS (mg L-1): water

solubility.
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Soils 1 and 3 are acidic, with a pH in water (pHW) of 4.8 and 4.7, respectively, while soil 2 has a pHW 

value close to neutrality (7.1, Table 2). The value of pHKCl was always lower, indicating that negative 

charges dominated in these soils. Organic carbon content (OC) ranged from 1.1% for soil 1 to 3.4% for 

soil 3, while N content ranged from 0.1% (soil 1) to 0.3% (soil 3). Soil 1 presented the lowest effective 

cation exchange capacity (eCEC) (4.08 cmolc kg-1), while soil 2 presented the highest eCEC (12.54 cmolc 

kg-1). Calcium (as Ca2+) was the exchangeable cation dominant in the three soils (Table 2). As regards 

texture related results, sand content ranged from 27% (soil 2) to 70% (soil 1), while silt ranged from 12% 

(soil 1) to 56% (soil 2), and clay ranged from 17% (soil 2) to 22% (soil 3) (Table 2). Regarding the 

byproducts, MS and WA are alkaline materials, with  pHW of 9.4 and 11.3, respectively, while PB is 

acidic, with pHW of 4.0. WA presented the highest eCEC (361.2 cmolc kg-1), followed by MS (30.25 

cmolc kg-1) and PB (14.92 cmolc kg-1). Finally, PB presented an organic carbon (OC) content of 47.0%, 

which is much higher than that of MS (11.4%) and WA (11.7%) (Table 2). To perform the soil-byproduct 

mixtures, 100 g of soil were mixed with 0.5, 1 or 2 g of the corresponding byproduct to obtain the doses 

of 12, 24 and 48 tons of byproduct per hectare of soil, considering a soil density of 1.2 g cm-3 and an 

effective depth of 20 cm. These mixtures were shaken for 72 h.  

Adsorption/desorption experiments 

The adsorption/desorption process was evaluated by means of batch-type experiments at equilibrium. 

Two grams of each sample material were suspended in 5 mL of individual antibiotic solutions at 7 

different concentrations (from 2.5 to 50 µM). These suspensions were shook for 24 h and then 

centrifuged. In the resulting supernatant the concentration of antibiotic was measured by HPLC-UV. The 

antibiotic adsorbed was estimated as the difference between added antibiotic and antibiotic remaining in 

solution at equilibrium. For the desorption step, those samples resulting from the adsorption process were 

suspended in 0.005 M CaCl2 and shook, centrifuged and analyzed in the same way as in the adsorption 

phase. From the experimental data, adsorption and desorption curves were constructed for each of the 

samples, plotting the amount of antibiotic adsorbed (qa, μmol kg-1) against the equilibrium concentration 

(Ceq, μmol L-1). Both adsorption and desorption curves were described using the Linear adsorption model, 

according to the equation qa = Kd*Ceq, where Kd (L kg-1) is the distribution constant of the Linear model. 

Quantification of sulfonamides 

The quantification of SDZ, SMT and SCP was carried out using a HPLC liquid chromatograph (Dionex 

Corporation, Sunnyvale, USA) equipped with a UVD170U detector. Chromatographic separations were 

performed in a Luna C18 column from Phenomenex (Madrid, Spain). The injection volume was 50 µL, 

and the flow rate 1.5 mL min-1. The mobile phase consisted of acetonitrile (phase A) and 0.01 mol L-1 

phosphoric acid (phase B). A linear gradient elution program was run from 5 to 32% of phase A (and 95 

to 68% of phase B) within 10.5 min. The initial conditions were re-established in 2 min and held for 2.5 

min. The total analysis time was 15 min, with a retention time of 5.2 min for SDZ, 7.0 min for SMT, and 

9.6 min for SCP, and the wavelength used for detection was 270 nm. 

3. Results and Discussion

Adsorption/desorption of sulfonamides in un-amended soils 

Figure 1 shows the adsorption curves for SDZ, SMT and SCP in the three un-amended soils. In all cases, 

adsorption curves were close to linearity, which suggests that a constant distribution of the antibiotic 

between the soil and the solution takes place. The adsorption of the three SAs in un-amended soils was 

Sample pHW pHKCl Cae Mge Nae Ke Ale eCEC N OC Sand Silt Clay 

cmolc kg-1 % 

Soil 1 4.8 4.3 1.53 0.41 0.25 1.27 0.61 4.08 0.1 1.1 70 12 18 

Soil 2 7.1 6.4 9.89 0.97 0.28 1.40 0.01 12.54 0.2 1.8 27 56 17 

Soil 3 4.7 4.3 2.24 0.64 0.35 1.00 1.68 5.92 0.3 3.4 58 19 22 

MS 9.4 - 24.75 0.72 4.37 0.38 0.03 30.25 0.2 11.4 - - - 

WA 11.3 - 95.03 3.26 12.17 250.70 0.07 361.2 0.2 11.7 - - - 

PB 4.0 - 5.38 2.70 0.46 4.60 1.78 14.92 0.3 47.0 - - - 

Table 2. Main physichemical properties of the soils and byproducts used. 

pHw: pH in water; pHKCl: pH in 0.1 M potassium chloride; Cae, Mge, Nae, Ke, Ale: exchangeable cations; eCEC: effective cation 

exchange capacity; N: nitrogen; OC: organic carbon. MS: mussel shell; WA: wood ash; PB: pine bark. Data on MS, WA and 

PB were from Quintáns-Fondo et al. [11].  
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very low, with adsorption percentages that ranged between 11 and 45% (average of 29%) for SDZ, 

between 20 and 64% (average 34%) for SMT and between 19 and 65% (average of 40%) for SCP.  

Figure 1. Adsorption curves for SDZ, SMT and SCP in the three un-amended soils. qa: amount of 

antibiotic adsorbed; Ceq: concentration of antibiotic in the equilibrium solution. 

The Linear model satisfactorily described adsorption curves of the three SAs for the three un-amended 

soils, with R2 coefficients values > 0.98 in all cases (Table 3). The values of the distribution coefficient 

(Kd(ads)) were very low for the three SAs, ranging between 0.3 and 1.6 L kg-1 for SDZ, between 0.7 and 

1.0 L kg-1 for SMT and between 0.6 and 2.6 L kg-1 for SCP (Table 3), which are of the same order as 

those reported by other authors for these antibiotics in other agricultural soils [12 – 15]. For SDZ and 

SCP, soil 3, with the highest OC content, was the one that presented the greatest adsorption, while for 

SMT, soil 2 and soil 3 presented a similar adsorption. In this sense, different authors observed that OC 

content is the main soil characteristics that determines SAs adsorption to soils, causing that the higher the 

soil OC content, the greater the amount of antibiotic adsorbed [12, 13].   

Table 3. Parameters corresponding to the adjustment of adsorption and desorption data to the Linear 

model for un-amended soils.  
SDZ SMT SCP 

Soil Kd(ads) R2 Kd(des) R2 Kd(ads) R2 Kd(des) R2 Kd(ads) R2 Kd(des) R2 

S1  0.6 0.98 3.4 0.90 0.7 0.99 3.9 0.85 1.4 0.99 5.7 0.99 

S2 0.7 0.98 12.5 0.97 1.1 0.99 12.8 0.95 0.6 0.99 na na 

S3 1.3 1.00 13.7 0.87 1.0 0.99 4.1 0.97 2.6 1.00 7.3 1.00 

Kd (L kg-1): distribution coefficient of the Linear model. S1: soil 1; S2: soil 2; S3: soil 3. SDZ, SMT, and SCP: sulfonamide 

antibiotics. 

The adsorption sequence of the three SAs was not the same for the three un-amended soils. Specifically, 

the adsorption sequences were SDZ < SMT < SCP for soil 1, SCP < SDZ < SMT for soil 2, and SCP < 

SDZ < SMT for soil 3. It is well known that the hydrophobicity of SA molecules is one of the main 

properties that have a greater influence on the adsorption behavior of these compounds [12, 13], so that 

the greater the hydrophobicity of the molecule, the greater the adsorption, and vice versa. In this sense, 

the three SAs studied in this work have different hydrophobicity. In addition, the hydrophobicity of each 

of the molecules varies considerably depending on the pH of the medium. The adsorption process in soils 

1 and 3 took place at pH 5, while in soil 2 the adsorption process occurred at a pH close to 7. At pH 

values between 3 and 5, as in the case of soils 1 and 3, the sequence of the three SAs as a function of log 

KOW, and therefore of their hydrophobicity, is SDZ < SMT << SCP. However, at pH 7 it is SDZ < SCP 

<< SMT. This justifies that in soils 1 and 3 SCP presents a considerably higher adsorption than SMT and 

SDZ, while in soil 2, which has the highest pH value, SMT presents greater adsorption. 

Taking into account that the adsorption of sulfonamides is mainly influenced by the degree of 

hydrophobicity of the antibiotic, and by the organic matter content of the soil, hydrophobic partitioning 

can be considered the main mechanism affecting the adsorption of these compounds to soils, with organic 

matter acting as a non-polar phase, in agreement with that indicated by Rath et al. [12] and Srinivasan et 

al. [13]. 

Regarding desorption, it should be taken into account that the higher the values of Kd(des), the lower the 

magnitude of desorption. The values obtained for Kd(des) were considerably higher than those for 
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adsorption (Kd(ads)) (Table 3), indicating the existence of a positive hysteresis [16], meaning that the three 

SAs remain retained in the soil after a desorption cycle. Despite this, desorption of the three SAs in the 

un-amended soils was high, with average desorption percentage of 26% for SDZ, 23% for SMT and 35% 

for SCP. Therefore, taking into account the low adsorption and the relatively high desorption of these 

compounds in the studied soils, we can affirm that SAs have a high mobility and bioavailability in these 

soils and, as a consequence, a high risk of causing environmental pollution, even entering the food chain. 

Adsorption/desorption of sulfonamides in amended soils 

Figure 2 shows SDZ adsorption curves for soil 3 (used as example) with various dosages of the different 

byproducts. As in un-amended soils, the adsorption curves were linear in all cases, satisfactorily described 

by the Linear model, with R2 values > 0.94 in all cases (Table 4). The incorporation of MS or WA did not 

increase SAs adsorption at any of the dosages tested. In some cases, they even caused a decrease in 

adsorption distribution coefficients (Kd(ads)) (Table 4). However, soils amended with PB showed a clear 

increase in the adsorption of the three SAs. In addition, the adsorption distribution coefficients (Kd(ads)) 

increased with the increase of PN dosage in all cases (Table 4). These results are in accordance with those 

observed by Liu et al. [14], who studied the adsorption of SDZ and SMT in two soils amended with 

wheat straw-derived biochar (63.6% OC), finding that the amendment led to a clear increase in Kd(ads) 

values. 

Figure 2. Adsorption curves for SDZ in soil S3 with various dosages of the different byproducts. a) 

Mussel shell mixtures; b) Wood ash mixtures; c) Pine bark mixtures. qa: amount of antibiotic 

adsorbed; Ceq: concentration of antibiotic in the equilibrium solution. 

Regarding SAs desorption in amended soils, it should be noted that, in several cases, the amount of 

desorbed antibiotic could not be quantified, as previous adsorption was very low. In addition, R2 values 

for desorption were lower than those for adsorption (Tables 3 and 4). As in un-amended soils, in general 

Kd(des) values were higher than Kd(ads) values (Table 4), indicating the existence of a positive hysteresis 

[16]. For soils amended with MS and WA, no clear trend was observed for Kd(des) values with the increase 

in doses of added byproducts. However, Kd(des) values increased for PB amended soils with higher PB 

dosage (Table 4), indicating that the incorporation of pine bark not only increased SAs adsorption, but 

also decreased its desorption. In this sense, it is well known that OC content and soil pH have a great 

influence on SAs adsorption/desorption process. An increase in OC leads to higher adsorption, also 

decreasing desorption, and vice versa. On the contrary, an increase in soil pH reduces adsorption and 

causes higher desorption [15]. Because SAs are amphoteric molecules, they can exist as cations, 

zwitterions and / or anions, depending on the pH of the medium. Although at most frequent 

environmental pH values the SA molecules exist predominantly as a zwitterion, at pH lower than 4 there 

is also a small proportion of cationic species, which favors the interaction of SAs with the negative 

charges predominant on the surfaces of soil organic matter and clays. However, at pH values higher than 

4-5 (depending on the pKa of each sulfonamide, Table 1), the proportion of zwitterionic species begins to

decrease and the proportion of anionic species increases, and these anions can be repelled by the negative

charges present in the surfaces of organic matter and clays, thus causing a decrease in adsorption. Taking

into account that the PB used has 45% of OC and pH 4.0, its use as soil amendment can increase soil

organic carbon content, while reducing soil pH, thus facilitating a higher adsorption of SAs. However,
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WA and MS have a pH value of 11.3 and 9.4, respectively, and clearly lower OC content. Therefore, the 

incorporation of WA and MS has the potential of promoting a considerably raise of soil pH, causing a 

decrease in the adsorption an increase in desorption of SAs. 

Table 4. Parameters corresponding to the adjustment to the Linear model of adsorption and desorption 

data for amended soils. 
SDZ SMT SCP 

Soil + amendment Kd(ads) R2 Kd(des) R2 Kd(ads) R2 Kd(des) R2 Kd(ads) R2 Kd(des) R2 

S1 + 12 t MS ha-1 0.3 0.97 5.6 0.97 0.3 0.98 na na 0.3 0.99 na na 

S1 + 24 t MS ha-1 0.3 1.00 6.5 0.98 0.4 0.99 na na 0.3 0.97 na na 

S1 + 48 t MS ha-1 0.3 0.99 7.8 0.99 0.4 0.99 na na 0.3 0.98 na na 

S1 + 12 t WA ha-1 0.3 1.00 12.4 0.98 0.7 0.99 na na 0.2 0.99 na na 

S1 + 24 t WA ha-1 0.2 0.99 32.4 0.93 0.6 0.99 na na 0.2 0.98 na na 

S1 + 48 t WA ha-1 0.2 0.98 na na 0.5 0.97 na na 0.2 0.99 na na 

S1 + 12 t PB ha-1 1.4 0.99 15.8 0.99 1.9 0.99 11.6 0.96 3.0 0.99 7.4 0.99 

S1 + 24 t PB ha-1 2.1 1.00 17.6 1.00 2.4 0.98 14.3 0.99 4.8 0.99 10.0 0.99 

S1 + 48 t PB ha-1 2.2 0.97 19.0 0.98 3.4 0.97 17.3 0.98 5.3 0.99 6.3 0.98 

S2 + 12 t MS ha-1 0.6 1.00 na na 0.7 0.98 6.9 0.87 0.5 0.98 na na 

S2 + 24 t MS ha-1 0.6 0.99 na na 0.7 0.98 6.9 0.91 0.5 0.95 na na 

S2 + 48 t MS ha-1 0.6 0.99 na na 0.7 0.98 6.5 0.82 0.5 0.98 na na 

S2 + 12 t WA ha-1 0.4 0.99 na na 0.4 0.99 na na 0.4 0.97 na na 

S2 + 24 t WA ha-1 0.3 0.95 na na 0.2 0.97 na na 0.4 0.97 38.7 0.86 

S2 + 48 t WA ha-1 0.3 0.95 na na 0.2 0.99 na na 0.6 0.98 12.8 0.93 

S2 + 12 t PB ha-1 0.9 0.94 na na 1.4 0.98 12.4 0.98 0.9 0.97 na na 

S2 + 24 t PB ha-1 1.7 0.99 na na 1.9 0.99 27.2 0.88 1.4 0.97 na na 

S2 + 48 t PB ha-1 2.1 0.98 na na 3.6 1.00 47.6 0.82 2.5 0.97 na na 

S3 + 12 t MS ha-1 0.9 0.98 4.5 0.99 0.8 0.99 3.1 0.95 2.2 0.98 6.8 0.98 

S3 + 24 t MS ha-1 0.8 0.98 4.5 1.00 0.9 1.00 3.5 0.96 1.4 1.00 5.2 1.00 

S3 + 48 t MS ha-1 0.7 1.00 4.3 1.00 0.9 0.99 3.8 0.92 1.2 0.99 7.6 0.99 

S3 + 12 t WA ha-1 1.0 0.99 6.1 0.99 1.0 1.00 4.6 0.97 1.8 0.99 10.1 0.99 

S3 + 24 t WA ha-1 1.0 1.00 6.3 0.99 0.9 0.99 3.9 0.93 1.8 0.99 9.7 0.98 

S3 + 48 t WA ha-1 0.7 0.99 8.5 0.96 0.9 1.00 4.6 0.98 0.8 0.99 21.9 0.94 

S3 + 12 t PB ha-1 2.0 0.99 13.3 0.99 1.7 0.99 11.4 0.95 5.0 0.99 20.2 0.98 

S3 + 24 t PB ha-1 2.4 0.98 17.6 0.97 2.7 0.98 17.3 0.95 5.7 0.99 30.5 0.99 

S3 + 48 t PB ha-1 2.9 0.99 24.1 0.99 3.5 1.00 24.5 0.92 8.2 0.99 33.7 0.98 

Kd (L kg-1): distribution coefficient of the Linear model. MS: mussel shell; WA: wood ash; PB: pine bark. S1: soil 1; S2: soil 2; 

S3: soil 3. SDZ, SMT, and SCP: sulfonamide antibiotics. 

4. Conclusions

The three sulfonamides here studied (sulfadiazine, sulfamethazine and sulfachloropyridazine) showed low

adsorption and high desorption on agricultural soils, which indicate a high mobility of these compounds

in the soil and, therefore, a high bioavailability, as well as a high potential for leaching and transfer to

various environmental compartments and the food chain. The incorporation of mussel shell and wood ash

into soils did not result in an increase in sulfonamides retention. However, the amendment of these soils

with pine bark clearly increases the retention of sulfonamides, greatly reducing their bioavailability and

mobility and, therefore, their risks of being transported to water bodies, as well as of plant uptake, thus

making less probable their entry into the food chain.
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