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Abstract 8 
 9 
Cobalt (Co) adsorption onto saline soil was investigated in this study. The effect of pH, interaction 10 
time and initial concentration of Co on adsorption were evaluated empirically to screen the 11 
appropriate operating conditions. Three biosurfactant products (i.e., Surfactin, Trehalose lipids, 12 
Rhamnolipid) each at two concentrations (1 CMC and 2 CMC) were applied during Co adsorption. 13 
The adsorption kinetic models were explored and results indicated that the pseudo-second-order 14 
kinetic model fit the experimental data the best. Four isotherms, including Langmuir, Freundlich, 15 
Temkin and Redlich-Peterson were used for regulating the Co adsorption with and without the 16 
addition of each biosurfactant. The research results show that Co has low mobility even with the 17 
existence of a biosurfactant. The findings help to better understand the adsorption behaviour of Co 18 
in saline soil so as to develop applicable remediation options. 19 
 20 
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 22 
1 Introduction 23 
 24 
Cobalt (Co) can enter the environment from natural sources and human activities, and occurs in 25 
different chemical forms. It can be released into the environment from burning coal and oil, 26 
incinerators, vehicular exhausts and industrial processes such as mining and operation of Co ores. 27 
To form a Co-base alloy, Co is blended with other metals. Alloys are resistant and used in industrial 28 
activities such as making aircraft, grinding and cutting tools (Altintas 2012). Exposure to Co can 29 
cause negative health effects such as asthma and pneumonia (Naqvi et al. 2008). The possibility 30 
of Co induced carcinogens in humans has been reported by the International Agency for Research 31 
on Cancer (WHO 2007).  32 
 33 
Adsorption is the most important chemical process affecting the behaviour of heavy metals in a 34 
subsurface, and plays a key role in governing the mobility and fate of Co in soils (Jalali and Majeri 35 
2016). Soil properties and acidic conditions affect Co adsorption behaviour (Faroon et al. 2004). 36 
A pH dependence experiment of Co sorption on soil displayed that Co sorption was strongly 37 
affected by the pH of a solution (Chon et al. 2012). The adsorption of Co from an aqueous solution 38 
strongly depended on pH so that, as the pH turned to alkaline range (pH equal to 9), soil adsorption 39 
capacity increased (Hashemian et al. 2015). Clay has a high capacity of metal adsorption 40 
comprising silt and sand, which makes Co removal from clay quite challenging. Moreover, soil 41 
salinity might impact the Co adsorption behavior; however, the impact has not been reported 42 
previously.  43 
 44 
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Adsorption dynamics, especially the kinetic models, have been used to track the associated 45 
mechanisms and to determine the adsorption rate of heavy metals in soil (Sheela et al. 2012).  46 
Pseudo-first and pseudo-second-order models were used to kinetically study Cu2+ adsorption in 47 
soil minerals (Komy et al. 2014). The kinetics of divalent copper and Co cations from aqueous 48 
solutions on clay samples demonstrated that the second-order model can better express the kinetics 49 
of both metal adsorptions (Guerra and Airoldi 2008). A nano hollow sphere was applied to remove 50 
heavy toxic metals (Hg2+, Pb2+ and Cd2+) from water samples. The sorption dynamics  were 51 
established with the Lagergren pseudo-first-order, the pseudo-second-order and Elovich kinetic 52 
model (Rostamian et al. 2011). In order to predict adsorption the process of Co from aqueous 53 
solutions, pseudo-first-order and pseudo-second-order kinetic models were applied to the data 54 
(Hashemian et al. 2015). Study of kinetic models on the adsorption rate of Co2+ in activated carbon 55 
indicated that the system was described by the pseudo-second-order kinetic model (Abbas et al. 56 
2014). Although there were many previous studies regarding heavy metal adsorption kinetics, 57 
limited works have targeted Co kinetics in the soil. 58 
 59 
To achieve equilibrium data, isotherm studies are important for describing a solid-liquid adsorption 60 
system. Isotherms are an equilibrium relation between the adsorbate concentration in the solid 61 
phase and liquid phase (Sheela et al. 2012). Hashemian et al. (2015) demonstrated that the 62 
equilibrium data for Co adsorption had a high correlation coefficient when fitted with a Langmuir 63 
model. Jalali and Majeri (2016) found that the Co sorption could be well fitted with Langmuir and 64 
Freundlich models. Chon et al. (2012) disclosed that for sorption isotherm, there is a good fit with 65 
the Freundlich equation for the experimental results for Co sorption in soil. Chen and Lu (2008) 66 
indicated that the adsorption isotherm of Co on montmorillonite soil was linear at both pH values 67 
including 7.3 and 7.7. The experimental data fitted the Freundlich model. Guerra and Airoldi 68 
(2008) used a Langmuir isotherm model with a nonlinear approach and yielded good fits with the 69 
experimental adsorption data for divalent copper and Co cations/clay interactions.  However, these 70 
studies only investigate systems with only Co and soil components. No studies have taken the 71 
impacts of other possible influences, such as soil washing agents, into the consideration. 72 
 73 
Soil washing is a cost effective physio-chemical method to decontaminate the soil efficiently and 74 
a reliable metal removal alternative (Siddiqui et al. 2015). Because of wide applicability and 75 
economic feasibility, soil washing has played a major role and been successfully applied in the 76 
field (Ferraro et al. 2016). Co extraction can be carried out with different additives, such as acid 77 
solutions, reducing and oxidizing agents (Ferraro et al. 2016). During soil washing, solutions of 78 
surface-active molecules (i.e., surfactants) have been widely applied as washing agents (Harendra 79 
and Vipulanandan 2013). In recent years, biosurfactants have gradually replaced chemical 80 
surfactants in soil washing cases. Biosurfactants are promising due to their low toxicity, possibility 81 
of reuse and biodegradability (Cai et al. 2014). In heavy-metal contaminated soils, biosurfactants 82 
can form complexes with metals at the soil interface (Singh and Cameotra 2013). The process is 83 
followed by desorption of the metal and removal from the soil surface, leading to the increase of 84 
metal ions’ concentration and their bioavailability in the soil solution. However, when using it to 85 
treat Co in the subsurface, the removal rate could be low. For example, soil washing aided by a 86 
biosurfactant (i.e., lipopeptide biosurfactant consisting of surfactin and fengycin) removed just 87 
35.4% of Co from a contaminated soil (Singh and Cameotra 2013). Till now, there is a lack of 88 
literature regarding the impact of biosurfactants on Co adsorption in soil, and nearly no associated 89 
kinetics and isotherm studies have been reported.  90 
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 91 
To fill the knowledge gap, this study focuses on the investigation of Co adsorption on saline soil 92 
with and without the existence of the biosurfactant. Three biosurfactants, including surfactin, 93 
trehalose lipids and rhamnolipid products, were examined. The impact of pH, contact time, initial 94 
Co concentration, and type/dose of biosurfactant on Co adsorption were evaluated. Adsorption 95 
kinetics and isotherms were explored. The research results will help to better understand Co 96 
adsorption mechanisms in saline soil and Co-biosurfactant interaction during adsorption.  97 
 98 
2 Materials and Methods 99 
 100 
2.1 Soil Characterization 101 
 102 
Soil including 50% natural clay and 50% sand was applied for conducting each experimental run. 103 
After removing gravel and rocks, the soil was dried and kept in an oven at 105˚ C overnight. The 104 
soil was then sieved to pass through a 1.18 mm opening size stainless-steel mesh (No. 16). The 105 
3% saline soil was obtained through adding NaCl. 106 
 107 
Soil physical properties, including pH (ASTM 2016a), soil bulk density (ASTM 2016b), and soil 108 
water content (ASTM 2016c) were characterized using standard methods. The soil cation-109 
exchange capacity was measured using the protocol generated by Bower et al. (1952). The results 110 
are presented in Table 1. 111 
 112 

Table 1 Soil physical properties 113 
Soil properties Value 

Particle size distribution (%) Clay (˂ 0.002 mm) 50 
Sand (˂ 1.18 mm) 50 

Salt (%) 3 
Water content (%) 13.79 
Bulk density (g/cm3) 1.97 
pH (soil materials suspended in water) 7.91 
pH (soil materials suspended in a 0.01 M calcium chloride solution) 7.68 
pH (saline soil (3%) suspended in water) 7.59 
pH (saline soil (3%) suspended in a 0.01 M calcium chloride solution) 7.35 
CEC (cmol (+) / kg) 135 

 114 
Major element oxides in the soil were determined by X-ray fluorescence (XRF) spectrometry 115 
analysis. Sand and clay in the soil were crushed using a mortar and pestle, then mixed together 116 
before testing. For each test, 20 mg of the mixture was used, with results shown in Table 2.  117 
 118 

Table 2 Soil major element oxides  119 

Element oxides Na2O 
Wt% 

MgO 
Wt% 

Al2O3 
Wt% 

SiO2 
Wt% 

P2O5 
Wt% 

K2O 
Wt% 

CaO 
Wt% 

Clay / Sand Mixture 1.42 2.52 12.74 47.98 0.1 2.99 3.04 
 120 



4 
 

Trace element concentrations in the soil were obtained using inductively coupled plasma mass 121 
spectrometry (ICP-MS), with results presented in Table 3. Before analysis, sample preparation was 122 
conducted through a full digest of each sand/clay mixture. 123 
 124 

Table 3 Soil trace element concentrations  125 

Element 
Value 
(ppm) Element 

Value 
(ppm) Element 

Value 
(ppm) Element 

Value 
(ppm) 

Li  9.22 Cs 1.13 Nd 28.6 Dy 6.35 

Rb 48.4 Ba 621 Sm 6.53 Ho 1.32 

Sr 351 La 22.94 Eu 1.93 Er 3.76 

Y 35.1 Ce 51.0 Gd 7.01 Tm 0.542 

Zr 194 Pr 6.84 Tb 1.03 Yb 3.43 

Lu 0.520 Tl 0.244 Pb 9.70 Pb 9.70 
 126 
2.2 Biosurfactant Production 127 
 128 
2.2.1 Biosurfactant-Producing Microorganisms   129 
 130 
Three different lab-generated biosurfactants were applied. The impact of each biosurfactant on Co 131 
adsorption in soil was evaluated. Two types of the biosurfactants were generated in the Northern 132 
Region Persistent Organic Pollution Control (NRPOP) Laboratory at Memorial University of 133 
Newfoundland. The first one was produced by Bacillus subtilis N3-1P isolated from oily seawater 134 
(Cai et al. 2014). The product, Surfactin, is a lipopeptide biosurfactant which can reduce water 135 
surface tension significantly (Zhu et al. 2016). The hyper-production strain, Rhodococcus 136 
erythropolis Mutant M36, was obtained through UV mutagenesis of a wild strain isolated from 137 
produced water samples from offshore Newfoundland, Canada (Cai et al. 2016) and used to 138 
generate the second biosurfactant product containing trehalose lipids. The third biosurfactant 139 
applied in this study was crude rhamnolipid produced by a research partner’s lab. 140 
 141 
2.2.2 Biosurfactant Production by B. Subtilis N3-1P 142 
 143 
The recipe for preparing the agar plate to grow B. subtilis N3-1P was as follows: Tryptic Soy Broth 144 
30.0 g, NaCl 15 g and Agar Bacteriological 15 g in 1 L of distilled water. BD Difco™ Nutrient 145 
Broth 23400 (Fisher Scientific Company, Ottawa, Canada) 8.0 g and NaCl 5.0 g in 1 L of distilled 146 
water is used as the recipe for a inoculum broth (Zhu et al. 2016). 147 
A loopful of bacteria was transferred from the agar plate to a 50-mL inoculum broth in a 125-mL 148 
Erlenmeyer flask. At first the culture in the flask was grown on a rotary incubator shaker (Thermo 149 
MaxQ 4000) at 200 rpm for 48 h at room temperature. The culture was applied as inoculum at the 150 
1% (v/v) level. This means that 1 cc of the culture was used for biosurfactant production in the 151 
100 cc mineral salt medium.  152 
 153 
An improved mineral salt medium (MSM) for B. subtilis N3-1P fermentation (Zhu et al. 2016) 154 
was listed as follows (g / L): glycerol (10), nitrogen source (NH4)2SO4 (10), NaCl (15), FeSO4 155 
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7H2O (2.8 × 10−4), KH2PO4 (3.4), K2HPO4 3H2O (4.4), MgSO4 7H2O (1.02), yeast extract (0.5) 156 
and trace element solution 0.5 mL L−1 of distilled water. The composition of the trace element 157 
solution was as follows: ZnSO4 (0.29), CaCl2 (0.24), CuSO4 (0.25), and MnSO4 (0.17) g per 1 L 158 
of distilled water. It should be noted that the trace element solution was sterilized separately. In 159 
this growth media, the carbon source in the original recipe, glycerol (GLY), was changed by 160 
glucose (GLU) and sucrose (SUC) at a concentration of 15 g/L each. Also Nitrogen sources 161 
((NH4)2SO4)) were replaced by NH4NO3 at a concentration of 10 g/L. The original concentration 162 
of FeSO4 7H2O was changed to 0.001 g/L. 163 
 164 
Fermentation of B. subtilis N3-1P took place in a sterilized fermenter containing 2 L MSM and 165 
inoculum at the 1% (v/v) level. The medium was incubated in the fermenter at 400 rpm for 7 days 166 
at 30˚C. To remove all the cells, the culture broth was centrifuged at 6,000 rpm for 20 min. Then 167 
the pH of the biosurfactant solution was adjusted to 2 using concentrated hydrochloric acid. The 168 
solution was kept in a cooler overnight so biosurfactant precipitated in the container. The 169 
biosurfactant was separated in the centrifuge at 4,000 rpm for 15 min. The produced biosurfactant 170 
was washed with dichloromethane (DCM) for further purification and left in the hood overnight. 171 
The powdered biosurfactant product was transferred to the freezer to prevent degradation. 172 
 173 
2.2.3 Biosurfactant Production by Rhodococcus Erythropolis Mutant M36 174 
 175 
To prepare agar plates to grow Rhodococcus erythropolis Mutant M36, BD Difco™ Nutrient Broth 176 
23400 (Fisher Scientific Company, Ottawa, Canada) 8 g, NaCl 20 g and agar bacteriological 15 g 177 
were dissolved in 1 L of distilled water. The composition of the medium used for fermentation of 178 
the mutant was as follows (g/L): glycerol (1), NaCl (10), MgCl2 (0.1), CaCl2 (0.1), FeCl3 (0.01), 179 
NH4NO3 (1), KH2PO4 (0.41), K2HPO4 (8.2) and Diesel 100 mL L−1 of distilled water. 180 
 181 
Before the fermentation, the medium and the fermenter were both sterilized by autoclaving. The 182 
strains from the prepared agar plate were transferred into the medium, which was incubated in the 183 
magnetic shaker for 5-7 days. During the first 2 days, the temperature of the shaker was adjusted 184 
to 30˚C. Afterwards, room temperature was used.  185 
 186 
After the fermentation, the culture broth was transferred to a separation beaker and the water phase 187 
was discarded. To remove diesel, an equal volume of petroleum ether was added and the mixture 188 
was centrifuged at 4,000 rpm for 10 min. Then, the upper layer was discarded using a pipette. The 189 
diesel removal treatment was repeated 3 times to obtain a diesel-free product. The mixture 190 
containing biosurfactant was further purified through organic solvent extraction with a fivefold 191 
volume of methanol-chloroform (1:2 v/v) solvent. The solution was sonicated with an intensity 192 
level of 30% for 20 min. To remove the cells, the solution was centrifuged at 6,000 rpm for 20 193 
min. The crude biosurfactant was concentrated by rotary evaporation and the final jelly product 194 
was frozen at 0˚C. 195 
 196 
2.3 Co Adsorption onto Soil without Biosurfactant Addition 197 
 198 
Co adsorption onto saline soil under various pH, initial Co concentrations and durations was 199 
conducted. Table 4 lists the number of runs when one-factor-at-a-time approach was used. 200 
 201 
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Table 4 Experimental runs and associated conditions 202 
Effect of 

factor 
Number of 

levels Replication 
Number of 

blanks Replication 
Total number of 

runs 
pH 8 3 1 3 27 

Time 12 3 12 3 72 
Initial Co 

concentration 6 3 1 3 21 

 203 
2.3.1 Effect of pH on Co Adsorption 204 
 205 
The soil was air dried, homogenized, and kept in an oven at 105˚C for 1 day. Each 2.9 g sample 206 
of 3% saline soil was equilibrated in a polypropylene centrifuge tube with 50 ml of solution 207 
including a 300 mg/L concentration of Co.  208 
 209 
Samples before adsorption experiments were adjusted to a pH range of 3 to 9 (including pH 3, 4, 210 
5, 6, 7, 7.5, 8, 9) by 1 M HCI or 1 M NaOH solution. During each adsorption run, the pH 211 
measurement was carried out. The pH level of each run was kept consistent by adding small 212 
volumes of 0.1 M HCI or 0.1 M NaOH solution. Blank runs were prepared without the adjustment 213 
of soil pH levels. Distilled water was applied instead of the Co solution during each blank run. Co 214 
adsorption was carried out by shaking each tube in a shaker at 200 rpm and at the room temperature 215 
for 48 hours. After reaching the ultimate equilibrium status, the tube was centrifuged at 12,000 216 
rpm for 20 min. The supernatant was acidified to pH 2 using 2% HNO3 for flame atomic absorption 217 
spectroscopy (FAAS) measurement and the Co concentration remaining in the solution after each 218 
adsorption treatment was determined. A calibration curve for Co was constructed using standard 219 
solutions. Differences between each initial Co concentration in the solution and the remaining Co 220 
concentration in the supernatant after sorption indicated amount of Co that was adsorbed by the 221 
soil. 222 
 223 
2.3.2 Effect of Adsorption Time 224 
 225 
Adsorption was also carried out with 2.9 g saline soil and 50 mL of Co solution with the initial Co 226 
concentration of 300 mg/L. The effect of reaction time on Co adsorption was investigated at room 227 
temperature and the pH level selected based on a previous pH examination experiment.  228 
 229 
The equilibration status of each run was investigated when shaking the tube at 200 rpm for various 230 
(i.e., 0, 10, 60, 120,180, 240, 300, 360, 420, 480, 540 and 600 min) times. Triplicate runs were 231 
conducted for each experimental setting. After adsorption, each tube was centrifuged at 12000 rpm 232 
for 20 min and the Co concentration remaining in the solution was measured using FAAS. In each 233 
blank run, no pH adjustment was conducted and no Co was added to the soil.   234 
 235 
 236 
2.3.3 Effect of Initial Co Concentration 237 
 238 
Various concentrations of Co solution (i.e., 50 ppm, 100 ppm, 200 ppm, 250 ppm, 300 ppm and 239 
400 ppm) were applied to investigate the consequences of initial Co concentration on adsorption. 240 
Each Co adsorption run was carried out with 2.9 g saline soil, at room temperature and the pH 241 
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level selected based on previous pH examination experiments. During each run, the tube was 242 
shaken at 200 rpm to allow efficient mixing of the Co throughout the solution. After adsorption, 243 
each tube was centrifuged and aliquots of the supernatant solutions were taken for FAAS analysis. 244 
In each blank run, no pH adjustment was conducted and no Co was added to the soil. Triplicate 245 
runs were conducted for each experimental setting. 246 
 247 
2.4 Co Adsorption onto Soil with Biosurfactant Addition 248 
 249 
Solutions with different Co concentrations (i.e., 50 ppm, 100 ppm, 200 ppm, 300 ppm and 400 250 
ppm) were prepared. Three different types of biosurfactant products were applied at two 251 
concentrations (1 and 2 CMC), respectively. Co adsorption onto soil with added biosurfactant was 252 
examined using runs, indicated in Table 5.  253 
 254 

Table 5 Number of runs 255 

Biosurfactant Concentration 
Number of 

levels Replication 
Total number 

of runs 
Surfactin 1 CMC 5 3 15 
Surfactin 2 CMC 5 3 15 

Trehalose lipids 1 CMC 5 3 15 
Trehalose lipids 2 CMC 5 3 15 

Rhamnolipid  1 CMC 5 3 15 
Rhamnolipid  2 CMC 5 3 15 

 256 
In each experimental run, 2.9 g of saline soil was placed into a 50 mL centrifuge tube. The Co 257 
solution was added to the tube followed by the addition of a biosurfactant product. The pH of the 258 
suspensions was adjusted to the desired level based on previous a pH examination experiment. 259 
Each tube was shaken in a shaker at 200 revolutions per minute at room temperature. The 260 
adsorption duration was selected based on previous examination, as stated in section 2.3. Once 261 
reaching equilibration status, each tube was centrifuged and the supernatant solutions were 262 
engaged for FAAS analysis to obtain the Co concentration in the solution after adsorption. Surface 263 
tension analysis was applied to define the biosurfactant concentration in the supernatant solution. 264 
Both Co and biosurfactant adsorption in the soil were examined. In each blank run, pH adjustment 265 
was conducted and no biosurfactant was added to the soil. Triplicate runs were conducted for each 266 
experimental setting. 267 
 268 
2.5 Biosurfactant Adsorption onto Soil without Existence of Co  269 
    270 
To measure biosurfactant adsorption, 2.9 g of saline soil was placed into 50 mL centrifuge tubes.  271 
The soil was suspended in 50 mL of varying concentrations (1 and 2CMC) of 3 different types of 272 
biosurfactants (Table 6). Blank solutions contained the soil solution without the addition of any 273 
biosurfactant. 274 
 275 
 276 
 277 
 278 
 279 
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Table 6 Number of runs 280 

Biosurfactant Concentration Replication 
Total number 

of runs 
Surfactin 1 CMC 3 3 
Surfactin 2 CMC 3 3 

Trehalose lipids 1 CMC 3 3 
Trehalose lipids 2 CMC 3 3 

Rhamnolipid  1 CMC 3 3 
Rhamnolipid  2 CMC 3 3 

 281 
The contact time and pH levels were selected based on the results of section 2.3. Each tube was 282 
incubated in a shaker at 200 rpm at room temperature. After reaching the ultimate equilibrium, the 283 
tube was centrifuged at 12,000 rpm for 20 min. Biosurfactant concentration in the supernatant was 284 
measured using surface tension analysis. The Du Nouy ring method of measuring surface tension 285 
was applied to measure surface tension.  286 
 287 
2.6 Kinetic Studies of Co Adsorption to Soil without Existence of Biosurfactants 288 
 289 
The capacity of sorption 𝑞𝑞𝑡𝑡 (mg g−1) of soil was computed using (Najafi et al. 2011):  290 
 291 
qt = ((C0 – Ct)/ w) . V                                                                                                                     (1) 292 
 293 
where C0 is the initial Co concentration (mg L−1), Ct is the residual metal concentration (mg L−1) 294 
at time t, V is the volume of Co solution (L), and W is the amount of soil (g). To present the Co 295 
sorption kinetics in the soil, pseudo-first-order, pseudo-second-order, Elovich and intra-particle 296 
diffusion kinetic models were examined. The linearized form of the pseudo-first-order equation 297 
(Lagergren) was stated as follows (Arabloo et al. 2016): 298 
 299 
ln (qe−qt) = ln (qe) − k1t                                                                                                                            (2) 300 
 301 
where qe and qt are the adsorption capacity at equilibrium and at any time t, respectively (mgCo 302 
gsoil−1), and the value of k1 (min−1) is the rate constant of pseudo-first-order adsorption. The 303 
differential formula for the pseudo-second-order rate model was expressed as (Smiciklas et al. 304 
2008): 305 
 306 
t/qt = (1/k2qe2) + (1/qe) t                                                                                                                     (3) 307 
 308 
where the value of k2 (g mg−1min−1) is the overall rate constant of the pseudo-second-order 309 
adsorption rate constant. The simplified form of the Elovich equation was presented as follows 310 
(Pérez-Marín et al. 2007): 311 
 312 
qt = 1/ß ln (αß) + 1/ß ln (t)                                                                                                                              (4) 313 
 314 
where α is the initial adsorption rate constant (mg/g min) and ß is a measure of adsorption 315 
activation energy (g/mg). The possibility of intra-particle diffusion was expressed as (Sheela et al. 316 
2012):  317 
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qt = kid t0.5 + I                                                                                                                                                (5) 318 
 319 
where kid is the intraparticle diffusion rate constant (mg/g min0.5) and I is the thickness of film. 320 
 321 
2.7 Isotherm Examination of Co Adsorption to Soil with and without Existence of 322 
Biosurfactants 323 
 324 
To determine the adsorption isotherms, the graph relating equilibrium Co concentration and mass 325 
of Co adsorbed on per unit mass of the soil interface at a fixed temperature and pH was employed. 326 
The quantity of metal sorbed was calculated as the difference between the initial (C0; mg/L) and 327 
final or equilibrium solution concentrations (Ce; mg/L). By using a mass balance equation, the 328 
mass of metal adsorbed by the soil (qe; mg/gsoil) was calculated in every test tube as follows: 329 
 330 
qe = v/m (C0 - Ce)                                                                                                                                           (6) 331 
 332 
where v is the volume of the solution used (mL) and m is the dry mass of soil used (mg). 333 
 334 
The equilibrium experimental data were examined using 4 most commonly used adsorption 335 
isotherms, including Langmuir, Freundlich, Temkin and Redlich-Peterson, for Co isotherm 336 
investigation. When the extent of coverage of adsorbate was restricted to only one molecular layer, 337 
the Langmuir isotherm was applicable (Arabloo et al. 2016). The associated isotherm equation was 338 
expressed by Eq. 7:  339 
 340 
qe = Q0KLCe / 1 + KLCe                                                                                                                                                                          (7) 341 
 342 
Here and in all isotherms analyzed, qe (mg/g) is the amount of adsorbed Co per unit weight of the 343 
soil and Ce is the equilibrium Co concentration in the solution. KL (L/mg) is the constant of the 344 
adsorption equilibrium and Q0 (mg/g) is the maximum amount of adsorbed Co per unit weight of 345 
the soil. The empirical Freundlich model was generated based on multilayer adsorption on a 346 
heterogeneous surface (Arabloo et al. 2016). The model was stated by the following equation:  347 
 348 
qe = KF Ce1/nf                                                                                                                                                                                                    (8) 349 
 350 
where KF is adsorption capacity and nf is adsorption intensity (heterogeneity factor). 351 
 352 
The Temkin model, similar to the Freundlich isotherm, was used to present the  increased linearly 353 
of the solid surface area with decreased adsorption heat (Arabloo et al. 2016). The Temkin model 354 
was first developed for investigating a solid/gas system, and then extended its applications to the 355 
solid/liquid system. Tong et al. (2011) applied the Temkin isotherm for modeling adsorption of 356 
copper ion’s to a solid sorbent from an aqueous solution. Siva Kumar et al. (2012) conducted 357 
equilibrium studies on biosorption of 2, 4, 6-trichlorophenol from aqueous solutions with Acacia 358 
leucocephala bark using the Temkin isotherm. The Temkin isotherm was expressed through the 359 
following form: 360 
qe = (RT / bT) ln AT Ce                                                                                                                   (9) 361 
 362 
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where B = RT / bT and is related to the heat of adsorption. A is the equilibrium binding constant 363 
related to the maximum binding energy (Rostamian et al. 2011). 364 
A further empirical model, Redlich and Peterson’s, was also adopted. It is a three-parameter 365 
adsorption isotherm and a combination of elements from Langmiur and Freundlich equations. This 366 
model does not follow ideal monolayer adsorption and the adsorption mechanism is a hybrid 367 
(Rostamian et al. 2011). The model was expressed as: 368 
 369 
qe = (KR Ce) / (1 + aR Ceg)                                                                                                           (10) 370 
 371 
where g, KR (L/g), aR (mg-1) are the exponent, Redlich-Peterson isotherm constant and constant, 372 
respectively. When aR Ceg is bigger than 1, the model befits the Freundlich equation. When aR Ceg  373 
is smaller than 1, it fits a linear equation that occurs at low concentrations (Aşçi et al. 2007).  374 
 375 
2.8 Sample Analysis 376 
 377 
The pH measurement was conducted by using a meter from METTLER TOLEDO Co. The 378 
electrical conductivity (EC) of samples was measured by a portable meter (VWR). A flame atomic 379 
absorption spectrometer (FAAS) (Varian, version 1.133) was employed to determine the Co 380 
concentration of samples. Inductively coupled plasma mass spectrometry, ICP-MS (PerkinElmer 381 
Elan DRC II ICP-MS), was used to measure the elements in the soil as a background. 382 
 383 
Surface tension (ST) was measured with a 20 mL solution by the ring method using a Du Nouy 384 
Tensiometer (CSC Scientific). The critical micelle concentration (CMC) is the concentration of 385 
biosurfactant at which micelle starts to form (Mulligan et al. 2001). Surface tensions of lab 386 
generated biosurfactants as a function of concentration of biosurfactant were plotted. The CMC of 387 
each biosurfactant was obtained from the intercept of two straight lines extrapolated from the 388 
concentration-dependent and concentration-independent parts (Freitas de Oliveira et al. 2013). The 389 
CMC of three biosurfactants, including surfactin, trehalose lipids and rhamnolipid products, were 390 
0.09 g/L, 3 ml/L (2.6 g/L) and 7 ml/L (7.05 g/L), respectively. The two biosurfactants produced in 391 
the NRPOP Laboratory were obtained from the most robust isolates/mutants screened in our 392 
previous studies (Cai et al., 2014; Cai, 2018). The CMCs of these biosurfactants are competent 393 
when compared with those in the previous studies. 394 
 395 
The sorption model constants were estimated from sorption data of Co on the soil using MATLAB 396 
(R2017a version) and Excel (2016) computer programs. All of the tests were quoted using the 397 
mean ± standard division of the triplicated data and the typical error in the measurement was less 398 
than ±5%. The statistical analyses agreed to within 95% confidence demonstrating the accuracy of 399 
measurements reported in this study.  400 
 401 
3 Results and Discussion  402 
 403 
3.1 Co Adsorption onto Soil without Biosurfactant Addition  404 
 405 
3.1.1 Impact of pH on Co Adsorption 406 
 407 
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Previously studies were conducted to select the appropriate pH of an aqueous solution for 408 
achieving the maximum adsorption of metal ions, including Cu, Cd, and Zn, onto the adsorbent 409 
(Ebrahimzadeh Rajaei et al. 2013; Filipkowska and Kuczajowska-Zadrozina 2016; Meitei and 410 
Prasad 2013). In this study, the pH values of Co solutions were varied over the range of 3 to 9 to 411 
assess the impact of pH on Co adsorption. Results indicated that Co adsorption by soil increased 412 
with increasing pH at a constant initial concentration of Co (300 mg/L) in all solutions. Therefore, 413 
the Co concentration in each solution at the equilibrium status decreased with increasing pH 414 
(Fig.1). Reduction of the pH value to 3.0 led to Co adsorption by 77 mg/L. A pH 9 was selected 415 
in further experiments since it helped to achieve the maximum Co adsorption in the system. 416 

              417 
Fig. 1 Co adsorption depending on the pH 418 

 419 
3.1.2 Impact of Time on Co Adsorption 420 
 421 
Fig. 2 presents the mass of Co adsorbed onto the soil particles. The bulk of the Co sorbed by soil 422 
increased significantly within 120 minutes. Consequently, the rate of Co uptake slowed down 423 
gently as available adsorption sites were occupied by the metal ions. The result is well aligned 424 
with work conducted by Srivastava et al. (2006). After 420 minutes, the maximum Co adsorption 425 
was achieved and Co concentration in the solid phase became stable. The adsorption time (i.e., 426 
420 min) was thus selected for conducting the following experiments.  427 
 428 
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 429 
Fig. 2 Effect of contact time on Co adsorption by soil 430 

 431 
 432 
 433 
 434 
 435 

3.1.3 Impact of Initial Concentration of Co on Adsorption 436 
 437 
The impact of initial Co concentration in the solution on the capacity of Co adsorption onto soil is 438 
illustrated in Fig. 3. The amount of Co ions adsorbed onto soil at equilibrium status increased with 439 
raising the initial Co concentration in the solution.  440 
 441 

             442 
Fig. 3 Effect of initial concentration on Co adsorption  443 

 444 
3.2 Biosurfactant Adsorption onto Soil without Existence of Co  445 
 446 
Once biosurfactant molecules are adsorbed to the soil surface, the associated capacity for forming 447 
complexes with Co decreases. To evaluate the adsorption capacity of each type of biosurfactant 448 
during its application, experiments without the existence of Co were conducted. One and two 449 
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CMCs of each type of biosurfactant were adopted as initial concentrations before adsorption. After 450 
each adsorption run, the surface tension of each solution was tested, with results presented in Table 451 
7. Under both experimental settings (i.e., 1 CMC and 2 CMC), the resulting surface tension values 452 
with the addition of Surfactin were lower than for those runs with Rhamnolipid. The use of 453 
Trehalose lipids led to much higher surface tension values after adsorption compared with the 454 
other two types of biosurfactant.   455 
 456 
The surface tension values of the 1CMC solutions of three Surfactin, Trehalose lipids and 457 
Rhamnolipid are 32 mN/m, 33 mN/m and 40 mN/m, respectively. For Surfactin, after adsorption 458 
treatment, the surface tension was nearly unchanged, which indicated that Surfactin has an 459 
extremely limited adsorption capacity in a soil-water system. The finding delivered the information 460 
that Surfactin might be a good candidate for soil washing treatment due to its low adsorption 461 
capacity. However, the surface tension of Trehalose lipids was sharply increased after adsorption, 462 
showing that the molecules could easily adsorb to the soil surface. The high sorption capacity of a 463 
biosurfactant would lead to its low availability for metal complexation (Aşçi et al. 2007).  464 

 465 
Table 7 Measured ST of solution after biosurfactant adsorption 466 

Initial biosurfactant 
concentration 

Surfactin Trehalos lipid Rhamnolipid 
ST ST ST 

0 CMC (Blank) 72 72 72 
1CMC 32.7 70 63.4 
2CMC 32.5 69.5 57.6 

 467 
3.3 Co Adsorption onto Soil with Biosurfactant Addition 468 
 469 
The presence of surfactant in soil may affect Co adsorption. By adding various concentrations of 470 
each biosurfactant to soil, the pattern of Co adsorption changes. The blank experiments were 471 
conducted by adsorbing Co onto soil with different Co initial concentrations (i.e., 50 ppm, 100 472 
ppm, 200 ppm, 300 ppm and 400 ppm) without the addition of any biosurfactant. The results of 473 
blank experiments are shown in Fig. 4. 474 

  475 
Fig. 4 Co adsorption by soil without the addition of any biosurfactant 476 
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Fig. 5 indicates the Co adsorption onto soil with the addition of 1 CMC and 2 CMC of the 478 
biosurfactant produced by B. subtilis N3-1P. At lower initial concentrations of Co (i.e., 50 ppm 479 
and 100 ppm), the Co equilibrium concentration in the solution is higher in each system with 2 480 
CMC of the biosurfactant addition than that with 1 CMC of the biosurfactant. Once the initial 481 
concentration of Co increased to 200 ppm or even 400 ppm, both the Co equilibrium concentration 482 
in the solution and the associated Co adsorbed onto soil remained the same when comparing a 483 
system with 2 CMC of the biosurfactant’s addition to that with 1 CMC of the biosurfactant. Co 484 
can be adsorbed onto the surface of soil particles and also react with the biosurfactant to form a 485 
complex. The complex can be adsorbed by the soil particles as well. Results illustrate that a higher 486 
biosurfactant concentration (i.e., 2 CMC) with lower initial Co concentrations (i.e., 50 ppm, 100 487 
ppm) led to a bit less Co being adsorbed. This might be due to a higher competition of surface area 488 
of soil particles between the Co and biosurfactant molecules. Once the initial concentration of Co 489 
became higher (i.e., 200 ppm, 300 ppm and 400 ppm), Co molecules had a higher competitive 490 
capacity for reaching the surface area of soil particles, which resulted in the stable Co adsorption 491 
status after equilibrium in both types of systems (with 1CMC and 2 CMC of the biosurfactant).  492 
 493 
Fig. 6 presents the change of surface tension in the solution after adsorption versus the initial 494 
concentration of Co. At a low initial concentration (i.e., 50 ppm and 100 ppm), the surface tensions 495 
in the 1 CMC system are slightly higher than those in the 2 CMC system. In addition, the surface 496 
tension values in both systems (i.e., 1 CMC and 2 CMC) are relatively low, which means there are 497 
still many free biosurfactant molecules after forming complexes with Co in the solution after 498 
adsorption. Once the initial Co concentration was increased to 300 ppm or even 400 ppm, the ratio 499 
of the number of Co ions to the number of biosurfactant molecules decreased in both experimental 500 
settings. The surface tension values in the solutions for both settings (i.e., 1 CMC and 2 CMC) are 501 
quite similar (reaching the surface tension of water) because all free biosurfactant molecules have 502 
either been used to form a complex with Co or are attached to the soil surface. 503 

 504 
 505 

Fig. 5 Co adsorption by soil by applying 1 CMC and 2 CMC of biosurfactant 506 
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 509 

 510 
Fig. 6 Surface tension measured at 1CMC and 2CMC of biosurfactant after adsorption 511 

 512 
The examination of Co adsorption onto soil with the addition of the second type of biosurfactant, 513 
trehalose lipids produced by Rhodococcus M36, was conducted with all experimental settings the 514 
same as the previous ones with surfactin. Both 1CMC and 2 CMC of the trehalose lipids were 515 
applied and the results are presented in Figs. 5 and 6. Fig. 5 indicates that the trehalose lipids’ 516 
addition resulted in lower remaining Co concentrations in the solutions than those in the matrix 517 
with surfactin. Table 7 indicates that the trehalose lipids biosurfactant has a higher capacity to be 518 
adsorbed by the soil. The surface tensions of those solutions after adsorption are also much higher 519 
(Fig. 6) due to the sorption of biosurfactant in the soil which causes lower soil surface availability 520 
for Co ions. Additionally, Co could adsorb to the soil particles and also make a complex with 521 
biosurfactants. Consequently, the surface tension declines when the trehalose lipids biosurfactant 522 
transfers from its original form to the complex form. The amount of remaining Co in solution with 523 
trehalose lipids falls sharply compared with surfactin. With a high biosurfactant concentration (2 524 
CMC), the remaining Co concentrations are slightly different than those with a low biosurfactant 525 
concentration (1 CMC), except for the last data, which almost doubled (rising from 1.06 mg/L in 526 
the 1CMC biosurfactant system to 1.9 mg/L in the 2 CMC biosurfactant one).   527 
 528 
Rhamnolipid at 1 CMC and 2 CMC concentrations was also applied. In both systems, the increase 529 
of initial Co concentration resulted in the increase of Co concentration in the solution at the 530 
equilibrium status (Fig. 5). The addition of rhamnolipid at 2 CMC led to a higher equilibrium Co 531 
concentration compared to the results of the 1 CMC rhamnolipid system. In addition, the addition 532 
of rhamnolipid resulted in higher equilibrium Co concentrations in general when compared to the 533 
addition of the other two types of biosurfactants.  534 
 535 
Fig. 6 indicates the surface tension in each solution after adsorption versus the Co initial 536 
concentration. The surface tensions at 1 CMC biosurfactant concentration are slightly higher than 537 
those at 2 CMC biosurfactant concentration. The surface tension varies between 60-70 (mN/m). 538 
The rhamnolipid shows a high tendency of being adsorbed to the soil (Table 7). 539 
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 540 
3.4 Kinetic Studies of Co Adsorption to Soil without Existence of Biosurfactants 541 
 542 
Adsorption kinetics describe the uptake rate of Co onto the soil particles. Fig. 7 shows how the 543 
pseudo-first-order kinetic fits the experimental data. The values of k1and qe are determined by 544 
using the intercept and slope of the linear plot of ln (qe−qt) versus t. The determined R2 and k1 545 
values are 0.8427 and 0.0078, respectively.  546 

 547 
Fig. 7 Pseudo-first-order adsorption kinetic of Co onto the soil 548 

 549 
To determine the values of qe and k2 in the pseudo-second-order model, the intercept and slope of 550 
the linear plot of t/qt against t were applied (Fig. 8). The k2 value calculated is equal to 0.0677. The 551 
coefficient of determination (R2 value: 1) proves the reliability of the pseudo-second-order to 552 
explain the Co adsorption kinetic onto the soil. The high R2 value obtained and the calculated Co 553 
equilibrium concentration (qe-cal equal to 51.8134 mg/g) show that the pseudo-second-order could 554 
be a better model to designate the kinetic of the process. The Co equilibrium concentration 555 
obtained from experiments qe is 51.6591 mg/g. According to R2 and qe-cal, the pseudo-second-order 556 
model suggests that the rate limiting step in divalent metal sorption on the soil involves valence 557 
forces through exchange or a sharing of electrons between the sorbates and sorbent (Ho and 558 
McKay 1999). Thus, the significant correlation between experimental data and this kinetic model 559 
is helpful for qe prediction and comparison regarding Co adsorption (Coleman et al. 2006). 560 
 561 
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 562 
Fig. 8 Pseudo-second-order adsorption kinetic of Co onto the soil 563 

 564 
In Fig. 9, the terms 1/ß ln (αß) and 1/ß for Elovich kinetic model are calculated from the intercept 565 
and slope of the linear plot of qt versus ln (t). The value of the correlation coefficient (R2) of the 566 
Elovich model was 0.8741.  567 
 568 

 569 
Fig. 9 Elovich adsorption kinetic of Co onto the soil 570 

 571 
In terms of rate-limiting regarding the adsorption, the slowest step of the reaction (rate-limiting 572 
step) could be the boundary layer (film) or the intra-particle (pore) diffusion of solute from the 573 
bulk of the solution on the solid surface in a batch process. A higher value of intercept (I) means 574 
a greater influence of the boundary layer. If the plot of qt versus t0.5 becomes a straight line and 575 
passes through the origin, the rate-limiting step can be linked to the intra-particle diffusion (Sheela 576 
et al. 2012). In Fig. 10, plot deviation from linearity shows the rate limiting step is controlled by 577 
the boundary film diffusion. Non-linearity of the plot describes the two or more Co adsorption 578 
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steps in soil. This means that intra-particle diffusion might not be the only mechanism, the 579 
adsorption rate is controlled by a combination of the two processes (Arabloo et al. 2016). Table 8 580 
presents the correlation and R2 obtained from applied kinetic models. The coefficient of 581 
determination (R2), kid and intercept (I) calculated from the intra particle kinetic model are 0.7988, 582 
0.0375 and 50.9, respectively.  583 
 584 

 585 
Fig. 10 Intra-particle diffusion adsorption kinetic of Co onto the soil 586 

 587 
Table 8 Kinetic models regarding Co adsorption in soil 588 

Kinetic model Equation R2 

pseudo-first-order ln(qe-qt)= -0.5549- 0.0078t 0.8427 
pseudo-second-order t/qt= 0.0055 + 0.0193t 1 
Elovich qt= 50.673 + 0.1618 ln(t) 0.8741 
Intra-particle diffusion qt= 0.0375 t0.5 + 50.9 0.7988 

 589 
3.5 Isotherm Examination of Co Adsorption in Soil with and without Existence of 590 
Biosurfactants 591 
 592 
The isotherm models were developed using MATLAB software. Four isotherms, including 593 
Redlich-Peterson, Langmuir, Freundlich and Temkin, were discussed. The Redlich-Peterson 594 
isotherm is the combination of both the Langmuir and Freundlich equations (Rostamian et al. 595 
2011). The Langmuir isotherm supposes monolayer adsorption onto a homogeneous surface with 596 
a limited number of identical sites (Farah et al. 2007). The Freundlich isotherm is chosen to 597 
evaluate the intensity of adsorption of sorbent in the particles. The Temkin isotherm, similar to the 598 
Freundlich model, is one of the early isotherms. The isotherm models are indicated in Figs. 11-17. 599 
Constants and statistical quality measuring of each isotherm model are reported in Tables 9 and 600 
10, respectively. When comparing the values of R2 and R2a obtained from the sorption models 601 
without the addition of any biosurfactant, the Freundlich and Redlich-Peterson models had a better 602 
performance of fitting the experimental data. However, the Freundlich model has a higher R2a 603 
(0.9908). If the magnitude of n > 1, then the process of adsorption is favorable (Wang et al. 2007). 604 
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With no biosurfactant addition, the n value (1.169) from the Freundlich model defined a favorable 605 
adsorption process. 606 
 607 
When 1 CMC of surfactin was added, the greatest value of R2 (0.984) was achieved using the 608 
Redlich-Peterson model to fit the experimental data. When the surfactin concentration increased 609 
to 2 CMC, the greatest value of R2 (0.9603) was obtained using the Freundlich model. The 610 
Freundlich model implies that multilayer adsorption is assumed on the heterogeneous surface, and 611 
n < 0.5 indicates unfavorable adsorption (Dolatkhah and Wilson 2016). The n value (0.8922) 612 
achieved using the Freundlich isotherm indicated a reasonable adsorption. 613 
 614 
For trehalose lipids addition at a concentration of 1 CMC and 2 CMC, the Redlich-Peterson 615 
isotherm and Temkin isotherm show good performance for fitting the data, respectively. The 616 
Temkin model is extracted by simulating that relation between change in the heat of adsorption 617 
(∆Hads) with θ being linear (Rostamian et al. 2011). In terms of the maximum adsorption capacity 618 
(Q0) for the Co adsorption in soil, the Langmuir isotherm (Table 9) resulted in the greatest Q0 619 
(3.753 × 104 mg/g) in the 1 CMC trehalose lipids system. When using rhamnolipid at 1 and 2 CMC 620 
concentrations, the Redlich-Peterson fit the data the best in the 1 CMC system and the Freundlich 621 
model was the best in the 2 CMC system. The Redlich-Peterson isotherm resulted in the R2 values 622 
ranging between 0.984 – 0.9936 in all systems, except for the one with an addition of 2 CMC of 623 
surfactin. 624 
 625 

Table 9 Isotherm parameters for various adsorption isotherms for the adsorption  626 
of Co onto the soil 627 

Isotherms Parameters No 
Biosurfactant 

1 CMC 
Surfactin 

2 CMC  
Surfactin 

1 CMC 
Trehalose 

lipids 

2 CMC 
Trehalose 

lipids 

1 CMC 
Rhamnolipid 

2 CMC 
Rhamnolipid 

Langmuir Q0 (mg/g) 
Kl (L/mg) 

381.5 
0.2683 

572.3 
0.03741 

3.7*104 

0.0005037 
3.753*104 

0.001648 
109.1 
0.9424 

1.939*104 

0.0006117 
39150 

0.0002633 

Freundlich Kf (L/g) (mg/g)nf 

nf 

81.37 
1.169 

21.27 
1.105 

16.45 
0.8922 

62.91 
0.8916 

49.11 
1.677 

11.76 
0.996 

8.184 
0.8759 

Temkin bT 

AT (L/g) 
1.406 
21.68 

0.0639 
3.713 

0.01201 
1.368 

0.3852 
10.48 

0.1495 
9.375 

3.488 
1.915 

0.04999 
1.079 

Redlich-
Peterson 

KR (L/g) 
aR (1/mg) 

g 

33.75 
-0.5852 
0.1445 

18.24 
-0.1262 
-0.906 

19.08 
-3.101*106 

-30.11 

55.74 
-0.117 
2.668 

80 
0.4081 
1.707 

11.37 
-9.283*10-6 

5.139 

10.32 
1.249 

- 47.45 

 628 
 629 

Table 10 Isotherm error deviation data related to the adsorption of Co onto the soil 630 

Isotherms Error 
functions 

No 
biosurfactant 

1 CMC 
Surfactin 

2 CMC 
Surfactin 

1 CMC 
Trehalose 

lipids 

2 CMC 
Trehalose 

lipids 

1 CMC 
Rhamnolipid 

2 CMC 
Rhamnolipid 

Langmuir R2 

Adjusted R2 
0.9886 
0.9848 

0.9806 
0.9742 

0.9536 
0.9382 

0.9839 
0.9785 

0.9811 
0.9749 

0.9879 
0.9838 

0.9914 
0.9885 

Freundlich R2 

Adjusted R2 
0.9931 
0.9908 

0.9822 
0.9763 

0.9603 
0.9471 

0.9884 
0.9845 

0.9427 
0.9236 

0.9879 
0.9839 

0.9993 
0.9991 

Temkin R2 

Adjusted R2 
0.8774 
0.5095 

0.8839 
0.5358 

0.6079 
-0.5686 

0.8353 
0.3414 

0.9983 
0.9931 

0.8964 
0.5857 

0.9301 
0.7202 

Redlich-
Peterson 

R2 

Adjusted R2 
0.9931 
0.9861 

0.984 
0.9679 

0.8326 
0.6653 

0.9931 
0.9863 

0.9918 
0.9835 

0.9908 
0.9817 

0.9936 
0.9871 

 631 
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 632 

 633 
Fig. 11 Comparison of various sorption isotherms for Co onto soil without biosurfactant 634 

 635 

 636 
Fig. 12 Comparison of various sorption isotherms for Co onto soil  637 

with 1 CMC surfactin 638 
 639 
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 641 
 642 

Fig. 13 Comparison of various sorption isotherms for Co onto soil  643 
with 2 CMC surfactin 644 

 645 

 646 
Fig. 14 Comparison of various sorption isotherms for Co onto soil  647 

with 1 CMC trehalose lipids 648 
 649 
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 651 
Fig. 15 Comparison of various sorption isotherms for Co onto soil  652 

with 2 CMC trehalose lipids 653 
 654 

 655 
Fig. 16 Comparison of various sorption isotherms for Co onto soil  656 

with 1 CMC rhamnolipid 657 
 658 
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 660 
Fig. 17 Comparison of various sorption isotherms for Co onto soil with 2 CMC rhamnolipid 661 

 662 
4 Conclusions 663 
 664 
In this study, Co adsorption in saline soil with and without the existence of a biosurfactant was 665 
examined. The impact of pH, contact time, initial Co concentration, and type/dose of biosurfactant 666 
on Co adsorption were evaluated and three biosurfactants including surfactin, trehalose lipids and 667 
rhamnolipid products were used. At a low initial concentration of Co, increasing surfactin 668 
concentration has a positive impact on the remaining Co in the solution. On the other hand, at a 669 
high concentration of Co, the concentration of biosurfactant does not have significant impact on 670 
the remaining Co. Surfactin was seen to be weakly sorbed in the soil. Trehalose lipids at any 671 
concentration reduced the remaining Co in the solution, compared with surfactin. Studying the 672 
adsorption characteristics of Trehalose lipids results in the high capacity of adsorption by the soil. 673 
When applying rhamnolipid, by increasing the initial concentration of Co, the remaining Co in the 674 
solution increased considerably at any initial concentration of rhamnolipid. The high value range 675 
of surface tension of solutions (60-70 mN/m) shows that rhamnnolipid has a high tendency of 676 
adsorption to the soil surface. 677 
 678 
Adsorption kinetics were also explored. The kinetic parameters were investigated using the 679 
pseudo-first-order, pseudo-second-order, as well as the Elovich and intraparticle diffusion rate 680 
models. The adsorption kinetic data fit the best in the pseudo-second-order model with the largest 681 
regression coefficient (R2) obtained and the similarity between the Co equilibrium concentration 682 
based on model calculation (qe-cal = 51.8134 mg/g) and on experimental data (qe = 51.6591 mg/g). 683 
The intraparticle diffusion model indicated that boundary layer diffusion affects the adsorption 684 
rate. 685 
 686 
Langmuir, Freundlich, Temkin and Redlich-Peterson adsorption models were applied for the 687 
isotherm investigation. Results indicated that with no biosurfactant addition, the adsorption 688 
isotherm was well described by the Freundlich model. In the system with surfactin addition, the 689 
Redlich-Peterson and Freundlich models can show the adsorption the best with 1 CMC and 2 690 
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CMC, respectively. When using trehalose lipids and rhamnolipid, the best fitting isotherms were 691 
the Redlich-Peterson isotherm (1 CMC of trehalose lipids and rhamnolipid), Temkin isotherm (2 692 
CMC of trehalose lipids), and Freundlich isotherm (2 CMC of rhamnolipid), respectively. The 693 
highest adsorption of Co (Q0: 3.753 � 104 mg/g) was achieved when 1 CMC of Trehalose lipids 694 
was introduced to the soil. 695 
 696 
This study identified that Co has a strong adsorption capacity in low permeable saline soil. The 697 
research findings based on the Co adsorption kinetics and isotherms can help to explore the related 698 
mechanisms and the impact of biosurfactants on the fate of Co in soil, so as to aid the screening of 699 
proper soil remediation technologies.  700 
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