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INTRODUCTION 
CA medications are widely used in the treatment 

of infections caused by bacteria resistant to wide-spectrum 

β-lactam antibiotics; some of them are included in the World 

Health Organization priority list of infectious diseases [1,2]. 

CA is a soft β-lactam antibiotic with a strong inhibitory effect 

on β-lactamase enzymes and it is produced by the filamentous 

Gram-positive bacterium Streptomyces clavuligerus as a 

secondary metabolite; the complete pathway (known as the 

clavam pathway) derives from the condensation of arginine 

and glyceraldehyde-3-phosphate, as anabolic precursors [2,3]. 

Investigations regarding the performance of CA production 

processes are focused on the two main restrictions for achieving 

high product concentrations: (i) the cultivation process and 

the metabolic bottlenecks and (ii) downstream processing 

[2]. Although the metabolic restrictions to reach high CA 

titers are the first difficulty in the CA production process, 

downstream processing is compromised by the degradation of 

the CA molecule in aqueous media, presumably by following 

a hydrolytic reaction mechanism catalyzed by both, acid and 

alkaline species [4,5].

The selection of separation processes is based on 

the physicochemical properties of the product and cultivation 

broth, e.g., solubility, polarity, and dielectric constant, which 

allows for a good recovery performance of CA from the aqueous 

phase. In the case of CA, separation of the product of interest 

from cultivation broths could be carried out by solid–liquid 

separation operations, liquid–liquid extraction, and precipitation 

in the form of clavulanate [2,6,7]. Furthermore, the high costs 

associated with the separation/purification operations reveal 

the need for deeper studies regarding the feasible alternatives 

for CA recovery from cultivation broths. In this research, we 

re-evaluated the potential of two distinct operations for CA 

recovery: first, the adsorption of CA through the utilization 

of the anion exchange resin Amberlite IRA 400 within the 

recovery process, and second, the application of liquid–liquid 
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ABSTRACT
Clavulanic acid (CA) is a soft β-lactam antibiotic with a strong inhibitory effect on β-lactamase enzymes and it is 

produced by the filamentous Gram-positive bacterium Streptomyces clavuligerus (S. clavuligerus) as a secondary 

metabolite; the complete pathway (known as the clavam pathway) derives from the condensation of arginine and 

glyceraldehyde-3-phosphate, as anabolic precursors. In this work, the potential of two distinct operations for CA 

recovery was re-evaluated: first, the adsorption of CA through the utilization of the anion exchange resin Amberlite 

IRA 400, and second, the application of liquid–liquid extraction systems. For the liquid–liquid extraction, two 

experimental designs were developed aimed at finding the best conditions of the process. For the case of adsorption, 

the same experimental design, used in the previous strategy, was carried out, for comparison purposes. CA loss was 

minimized at 10°C and pH 2.0. The adsorption was favored by increasing the adsorbent-to-liquid ratio. Thus, the 

highest separation was attained in the range of 40%–45% solid/liquid ratio, adsorbing a mean value of 47.7% of the 

CA present in the broth. Results showed that there is still room for further improvements in CA recovery using both, 

adsorption and extraction, as the most advantageous techniques.    
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extraction systems. Results showed that there is still room for 

further improvements in CA recovery using both, adsorption 

and extraction, as the most advantageous techniques.

MATERIALS AND METHODS

Strain, media, and culture conditions
The commercial strain S. clavuligerus ATCC 27064 

was used in this study. Mycelium cultures were stored as 20% 

(v/v) glycerol stocks at −80ºC. S. clavuligerus ATCC 27064 was 

cultivated in baffled shake flasks in defined glycerol-sucrose-

proline-aspartate (GSPA) and complex isolate soy protein 

(ISP) media as described by Pinilla et al. and Gómez-Rios 

et al. [4,8,9]. The cultivation supernatants containing CA were 

separated and the biomass was discarded. For the separation 

and purification assays, the concentration of CA in supernatants 

was adjusted after high performance liquid chromatography 

(HPLC) analysis, either by adding potassium clavulanate or 

by dilution. Central composite rotational experimental designs 

(CCRDs) were performed having CA recovery as the response 

variable. 

For CA production, either in complex ISP or defined 

GSPA media were inoculated with a pre-culture medium at 10% 

(v/v), as needed. All S. clavuligerus cultures were performed 

in 250-baffled Erlenmeyer flasks containing 50 ml of medium. 

Cultures for CA production were incubated for 144 hours, 

at 220 rpm and 28ºC and all experiments were performed in 

triplicate. CA quantification was performed in 300 µl samples 

by HPLC (Agilent 1200, Agilent Technologies, Waldbrom, 

Germany) equipped with a Diode Array Detector at 312 nm, 

using a reverse-phase ZORBAX Eclipse XDB-C
18

 (4.6 × 

150 mm, 18 μm Agilent Technologies, Palo Alto, CA, USA) 

column; 94% (v/v) KH
2
PO

4
 (50 mM, pH 3,2); and a 6% (v/v) 

methanol solution were used as mobile phase at 0.7 ml/minute. 

CA was imidazole-derivatized at a ratio of 1:3; the reaction was 

kept at 28°C for 15 minutes [4].

CA separation by liquid–liquid extraction
The extraction of CA from the cultivation broth of S. 

clavuligerus cultures was carried out at a laboratory scale; for 

this, two experimental designs were developed to find the best 

process conditions. The procedure is summarized in Figure 1a. 

At the end of the culture, biomass was separated and discarded, 

then extraction was performed with an organic solvent to 

minimize the degradation probability since no hydrolytic 

mechanism is possible in organic media. Four organic solvents 

were initially screened for CA separation from aqueous media 

based on the chemical structure of CA and polarity; two of 

them had an ester functional group (ethyl acetate and butyl 

acetate); and two with ether functional groups (polyetal100
®
 

and PolyDiox
®
). Once, the best solvent for the extraction 

was selected, a first central composite rotatable experimental 

design (CCRD) was used to assess the effect of temperature 

(10°C–15°C) and pH (2.0–7.0) in single and double extraction 

operations.

A second CCRD was used for investigating the 

CA recovery by varying the CA initial concentration in the 

typical range obtained during submerged cultivations of S. 

clavuligerus, i.e., 100–900 mg/l [2,7]. The extraction aqueous/

organic phase ratio varied between1:1 and 1:3 considering 

the limits of viability of the operation at industrial scale. 

Additional experiments were performed in the range of highest 

concentrations (500–1,000 mg/l), as those obtained typically in 

bioreactor operation and using lower solvent ratios. In addition, 

the effect of pretreatment with nonpolar solvent before CA 

extraction was also assessed as an alternative for elimination of 

possible interfering substances from the cultivation broth. 

CA separation by adsorption with anion exchange resin 
For comparison between the two separation 

techniques, experiments, using the anion exchange resin IRA 

400 for the adsorption process was considered. The process is 

summarized in Figure 1b. Similarly, the effect of temperature 

and pH on CA adsorption was studied. At the best condition 

of pH and temperature, the experimental design considered CA 

initial concentration in the cultivation broth, and solid–liquid 

ratio of adsorbent to supernatant. The selection of the contact 

time was based on the dynamics of adsorption obtained for 

CA samples at 100 mg/l. The desorption was evaluated after 

filtration and mixing with a NaCl solution of 10% (w/v) with a 

solid/liquid ratio of 45% [6,10,11]. The resulting mixture was 

incubated at 22°C and 240 rpm for 135 minutes. The resin in the 

solution was left in contact at 220 rpm and 10°C for 50 minutes. 

All experiments were performed in triplicate and a negative 

control was considered.

RESULTS AND DISCUSSION
Separation processes are complex and the selection of 

an appropriate approach depends on a thorough understanding 

Figure 1. Schematic representation of procedures performed for the CA 

separation. (a) Implementation of liquid–liquid extraction of CA from 

fermentation broths. (b) CA adsorption using ion exchange resin IRA 400.
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of the properties of the molecules to be separated, operating 

conditions, environmental impact, and economics [12]. The 

complexity of separation processes is due to a number of factors 

that must be carefully considered. One of them is the nature 

of the molecules; since the physical and chemical properties 

of the molecules such as polarity, charge, and solubility are 

crucial characteristics in the process, as well as the instability 

of the molecules [13]. CA is sensitive to pH and temperature 

when dissolved in aqueous solution conditions, thus requiring 

gentle separation methods that allow to capture of the product 

from the fermentation broths to minimize the degradation by 

hydrolysis [5]. The recovery of CA from cultivation broths 

is limited by mass transfer phenomena, which can cause a 

product loss of up to 70% in techniques such as adsorption, 

liquid–liquid extraction, and two-step precipitation [5,14–16]. 

The high variability of CA yields reported by different authors 

suggest that recovery at different environmental conditions and 

methods is not fully understood [2]. The clinical importance of 

CA and the characteristic low yield of the bioprocess motivate 

the continuous study of process engineering aspects applied to 

S. clavuligerus cultivation and CA recovery.

Liquid–liquid extraction systems for CA recovery

Influence of operating variables on CA liquid extraction 
Comparison of extraction performance with organic 

solvents reflected that ethyl acetate and butyl acetate given their 

polarity and dielectric constant favored the CA recovery, yielding 

49.09% and 46.70%, respectively. The higher selectivity of ethyl 

acetate toward CA might be caused by the low solubility of this 

solvent in the aqueous phase during the extraction process. In 

addition, ethyl acetate has a lower boiling point than the other 

solvents used, which favors the precipitation of CA in the later 

stages of the process, at the time of recovery in its clavulanate 

salt form. Nonpolar or poorly soluble molecules, such as ethyl 

acetate, do not interact at all with the aqueous phase, allowing 

in the process that, instead of dissolving, they form separate 

layers when placed in an aqueous medium [17,18]. The ethers 

polyetal100 and PolyDiox rendered a poor CA extraction yield, 

this is in agreement with previous results obtained by Mancilha 

et al. [14] using ethyl acetate as a solvent for extraction. 

Table 1 shows the CA recovery for single and double 

extractions with ethyl acetate as the solvent with the highest 

affinity with CA. The values varied from 16.01% (pH: 8.0 and 

T: 12.5°C) to 49.09% (pH: 2.0 and T: 10°C). CA is more stable 

in acidic conditions, since less acid catalytic activity is presented 

in the degradation reaction [5,19]. It was observed that the acidic 

medium favored the extraction process while alkaline conditions 

decreased the CA recovery. Some authors have reported about CA 

instability under alkaline environmental conditions [10,20] and it 

becomes extremely unstable when the pH exceeds 8.0 [10,21].

As observed in Table 1, the best experimental 

conditions for CA liquid–liquid extraction were pH 2.0 and 

10°C. At low pH, beta-lactam antibiotics, including CA, usually 

have a protonated carboxylate group causing its low solubility in 

water and facilitating the organic-solvent extraction [15,20,22]. 

CA is a weak acid with pKa equal to 2.5; only the undissociated 

acid can be extracted by an organic solvent. At higher pH values 

the carboxylate group is deprotonated and charged, rendering 

the CA water soluble (clavulanate form) [22]. The results 

obtained showed a better percentage of CA recovery at low 

temperatures; it was also observed that the CA degradation rate 

increased significantly with increasing temperature.

A second extraction with fresh solvent allowed to 

increase in the percentage of CA recovery from the cultivation 

broth. The values varied from 18.85% (pH: 8.00 and T: 12.50°C) 

to 57.14% (pH: 2.0 and T: 10°C). These results showed a 10% 

increase in the recovery of CA with respect to the process with 

a single extraction. However, the higher the volume of solvent 

used, the more diluted the CA solution would become, which 

increases the cost of the process at the moment of concentrating 

the organic phase for the subsequent precipitation processes. 

Although higher stability of CA is observed under 

slightly acidic conditions and at low temperatures (10°C), at 

higher temperatures the partitioning of the system, favors 

the separation. This is observed at 16°C, 12.5°C, and 9°C 

at the same pH conditions (4.5), the recoveries of CA were 

46.15%, 39.32%, and 28.16%, respectively. The extraction at 

temperatures below the room conditions would  increase the 

energy demands, therefore higher temperatures and shorter 

process times would impact possitively the utilities requirement 

of the separation process. The required time for reaching the 

equilibrium during the extraction process was studied by 

sampling at regular intervals up to 70 minutes. After 10 minutes 

of contact between phases, the CA concentration reached the 

equilibrium point; undoubtedly, shorter extraction times favors 

CA yield since the degradation possibilities are reduced. Time 

is a determining factor due to the high CA instability. 

Influence of CA initial concentration on its recovery from the 
culture medium

Using the best process conditions found, the effect of 

initial CA concentration (CA
0
) in the broth and the aqueous/

organic phase ratio on CA recovery was studied. These factors 

were considered because they are directly related to the cost 

of the process and the size of the equipment. For scaling-up 

Table 1. Effect of pH and extraction temperature on CA recovery 

(CA
r
) from aqueous solutions by liquid extraction with ethyl acetate. 

Single liquid extraction Double liquid extraction

pH Temperature 
(°C) CAr (%) pH Temperature 

(°C) CAr (%)

4.50 12.50 39.57 ± 0.34 4.50 12.50 44.88 ± 0.45

8.00 12.50 16.01 ± 0.11 8.00 12.50 18.85 ± 0.52

2.00 10.00 49.09 ± 0.23 2.00 10.00 57.14 ± 0.19

2.00 15.00 48.33 ± 0.02 2.00 15.00 53.47 ± 0.01

7.00 10.00 19.55 ± 0.12 7.00 10.00 21.74 ± 0.37

4.50 16.00 42.17 ± 0.01 4.50 16.00 46.15 ± 0.09

0.97 12.50 48.18 ± 0.21 0.97 12.50 56.22 ± 0.14

7.00 15.00 23.36 ± 0.10 7.00 15.00 29.22 ± 1.29

4.50 12.50 33.63 ± 0.31 4.50 12.50 39.32 ± 0.43

4.50 9.00 20.26 ± 0.02 4.50 9.00 28.16 ± 1.51
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purposes, these parameters have the strongest influence on the 

bioprocess economy. The results are presented in Table 2.

Although high solvent ratios (>2) allowed to extract up 

to 80% of the CA present in the cultivation broth, high solvent 

volumes could increase considerably the cost of the operation at 

industrial scale, as more energy would need to be implemented 

to remove the solvent and hence, to concentrate the recovered 

CA. In contrast, the use of low volumes of organic solvent 

(ratios 0.20–0.60) led to 40% less CA extracted from the broth 

(see Table 2), with respect to that achieved when using high 

volumes of organic solvent.

Interestingly, at the very low solvent ratio, the 

formation of micelles in an unstable emulsion of ethyl acetate in 

water at ratios below 0.1 favored a high CA extraction, leading 

to yields comparable to those observed when using the 0.6 

ratio. The results suggest an unfavorable effect on the recovery 

percentage as the concentration of CA in the cultivation broth 

increases when maintaining the same aqueous/organic phase 

ratio, which is in agreement with the fact that higher solvent 

ratio would increase the extraction yield, but with a consequent 

high dilution. Extraction at an aqueous to the organic ratio 

of 1:0.6, as a feasible condition, led to recoveries of 42.03%, 

29.81%, and 23.89% at 396.5, 750, and 1,103.50 mg/l of CA 

initial concentrations, respectively. The observed effect of CA 

concentration in decreasing the final recovery in the organic 

phase can be explained by the critical micellar concentration, 

which is the minimum point where micelles start to form in 

a liquid solution. In aqueous-organic extraction systems, the 

micelles formation is favored by low temperatures and low 

concentrations as shown by Martino et al. [23] for extraction of 

amino-acids from aqueous solutions. 

Pretreatment with nonpolar solvent as a strategy for increasing 
CA extraction

The complex and defined media were used to analyze 

how the complex mixture of nutrients/metabolites could affect 

CA extraction. To decrease the interference of compounds other 

than CA in the extraction process, and given the polar nature 

of the antibiotic, a pre-treatment consisting of contact with a 

nonpolar solvent (petroleum ether) was evaluated (see Table 3). 

Since the extraction with a nonpolar solvent is a pre-treatment 

preceding the extraction with ethyl acetate, low organic solvent 

ratios were preferred (0.2–1.0).

The use of an equal aqueous to organic solvent ratio, 

Table 3, showed a favorable increase in the recovery of CA 

(~17%), and by decreasing the purification solvent to only 20% 

the yield of the purification process increased by 10%. It was 

observed that when the process considered a double extraction, 

using the pretreatment with the nonpolar organic solvent up 

to 60.37% of recovery can be obtained. Mancilha et al. [14] 

reported up to 35% CA recovery, also using ethyl acetate as a 

solvent for extraction, thus indicating the effectiveness of the 

strategies implemented in the process. Before the pretreatment 

with the nonpolar solvent, recovery percentages were 55.37% 

for the defined medium and 54.07% for the complex medium. 

Once the cultivation broth was exposed to the pretreatment, 

a recovery of 60.37% was attained for the complex medium, 

which contained fewer impurities, and therefore, higher 

selectivity for CA. 

Nonpolar solvents, such as many hydrocarbons (e.g., 

benzene, hexane, and ethane), or organic solvents such as ether, 

do not exhibit miscibility with the aqueous phase (cultivation 

broths) due to differences in the intermolecular forces and 

polarities of the substances involved. As a result, nonpolar 

molecules tend to group together, giving rise to separate 

phases in the presence of water, which leads to the absence 

of miscibility between nonpolar solvents and aqueous media. 

However, some impurities, such as proteins and amino acids, 

are soluble in the organic phase, which enables significant 

transfer of these impurities to the petroleum ether. This transfer 

reduces interference when recovering the compound of interest 

(CA) in the cultivation broth, resulting in an increased yield in 

the extraction process.

Thus, the best experimental conditions for CA liquid–

liquid extraction are pH 2.0 and 10°C. The results obtained 

showed a better percentage of CA recovery at low temperatures 

and high solvent ratios (>2) that allowed to extract up to 80% 

of the CA present in the cultivation broth. However, the high 

solvent volumes could increase considerably the cost of the 

operation at industrial scale, as more energy would need to be 

implemented to remove the solvent and hence, to concentrate 

the recovered CA. In contrast, the use of low volumes of 

organic solvent (ratios 0.20–0.60) led to 40% less CA extracted 

Table 2. Effect of initial CA concentration (CA
o
) and solvent ratio on 

CA recovery (CA
r
) from aqueous solutions by liquid extraction with 

ethyl acetate. 

High extraction solvent ratio Low extraction solvent ratio

CA
0
 

(mg/l)
Solvent 

ratio CA
r
 (%) CA

0
 

(mg/l)
Solvent 

ratio CA
r
 (%)

100 1:3 77.18 ± 0.87 750 1:0.60 29.84 ± 0.45

500 1:3.40 84.08 ± 0.05 1,000 1:1 41.46 ± 0.52

500 1:2 76.25 ± 1.80 1,000 1:0.20 19.56 ± 0.19

500 1:2 75.93 ± 0.78 750 1:0.034 25.05 ± 0.01

900 1:1 55.47 ± 2.58 500 1:1 44.67 ± 0.37

500 1:0.60 44.69 ± 1.41 750 1:0.60 29.81 ± 1.18

100 1:1 52.83 ± 0.02 1,103.50 1:0.60 23.89 ± 0.09

65.70 1:2 81.56 ± 2.09 396.50 1:0.60 42.03 ± 0.14

900 1:3 80.64 ± 2.19 500 1:0.20 24.23 ± 1.29

1,066 1:2 77.68 ± 1.71 750 1:1.20 45.44 ± 0.42

Table 3. Percentage of CA recovered when a pretreatment strategy is 

applied to the cultivation broth.

Solvent ratio CA
r
 (%)

1:1 60.53 ± 0.54

1:0.80 51.48 ± 0.25

1:0.60 49.65 ± 1.89

1:0.40 49.36 ± 0.92

1:0.20 48.52 ± 2.03

Control (without pre-treatment) 43.06 ± 0.35
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from the broth, with respect to that achieved when using high 

volumes of organic solvent.

CA recovery from cultivation broths by anion exchange 
adsorption

Influence of operating variables on CA adsorption
In the present study, CA separation tests were carried 

out using the anion exchange resin Amberlite IRA 400, and the 

effect of operating variables such as pH, temperature, solid/liquid 

ratio, adsorption, and desorption kinetics, on CA separation 

from cultivation broths. The adsorption processes have received 

special attention in bioprocesses since biomolecules may be 

selectively adsorbed within a range of solid materials, allowing 

the exploitation of these properties in the extraction steps of the 

target molecule [24]. Adsorption processes strongly depend on 

the nature and surface area of the adsorbent, nature of adsorbate, 

temperature, contact time of adsorbent and adsorbate, nature of 

medium, and the pH of the adsorption medium [21]. For the case 

of CA extraction, temperature, and pH have been confirmed as 

the variables that have major incidence in the extraction yield.

Table 4 shows the CA adsorption when varying pH 

and temperature in defined and complex media as the sole 

separation process. The CA recovery varied from 23.92% (pH: 

7 and T: 10°C) to 40.04% (pH: 4.50 and T: 12.50°C) when the 

defined medium was used, and from 14.46% (pH: 7.0 and T: 

10.0°C) to 41.67% (pH: 4.50 and T: 12.50°C) when using the 

complex medium. As observed and likewise the extraction 

process, the acidic conditions and low temperatures favored the 

adsorption process of CA. The results obtained in the defined 

cultivation broth were higher than those from the complex 

medium; this might be the result of interferences caused by 

amino acids and proteins present in the medium, which do not 

allow the CA molecules to effectively bind to the active sites of 

the anion exchange resin. 

It has been hypothesized that compounds such 

as phosphate, sulfate, amino acids, small peptides, clavam 

metabolites, and cephamycin C might also attach to the resin. 

Yepes et al. [6] reported that amino acids such as tyrosine, 

histidine, proline, and lysine might also interfere with the 

adsorption processes. This interference limits the optimal 

recovery of CA, implying that the presence of these compounds 

could negatively affect the recovery efficiency in the process, 

generating a rapid saturation of all available sites for CA 

adsorption on the anion exchange resin.

It can be further observed (Table 4) that small 

variations in temperature and pH led to a significant increase 

in the adsorption capacity of the resin, as the temperature 

increases there is a decrease in the values of the effective 

diffusion coefficient [20]. This phenomenon might be caused 

by an increase in the frequency of molecular collisions between 

the CA ionic groups and the charged sites of the resin, as argued 

by Barboza et al. [25]. Recently, Yepes et al. [6] demonstrated 

that CA adsorption adjusts to the Langmuir model. The low 

values of the kinetic constant suggested a negative effect of 

temperature on CA adsorption as an exothermic process (∆H° 
= −29.15 kJ/mol). This phenomenon has been explained by the 

increase in the frequency of molecular collisions between the 

CA ion groups and the loaded sites of the resin, resulting in a 

more pronounced desorption.

Several authors have reported the operational 

advantages of using Amberlite
®
 IRA 400 resin as one of the 

most effective adsorbents in terms of capacity and speed of 

CA adsorption, compared to other materials such as zeolites, 

which require more time to reach equilibrium [10,11,20]. It 

is important to note that temperature does not affect the time 

required to reach dynamic equilibrium in the resin since this 

time depends on the concentrations of CA in the cultivation 

broth and its adsorption on the specific sites of the resin, as well 

as the maximum adsorption capacity, which for the case of CA, 

it is not affected by the temperature (Fig. 2) [11]. 

Figure 2 displays the dynamics of the adsorption 

process while approaching the equilibrium condition. As 

observed, 46.3% of CA was recovered during the first 10 

minutes of the process, indicating the rapid saturation of the 

sites available for CA adsorption. The process generates a 

great ionic interaction force or binding force between the resin 

and the CA molecules, showing, therefore, that the maximum 

adsorption capacity was limited by the operational conditions. 

Finally, 61.3% of the CA was recovered from the cultivation 

broth after 50 minutes. According to Yepes et al. [6], the best 

Table 4. Effect of pH and extraction temperature on CA recovery 

(CA
r
) from aqueous solutions by using adsorption with Amberlite® 

IRA 400.

pH Temperature 
(°C)

CAr (%)

Defined medium Complex medium

4.50 12.50 39.60 ± 0.34 41.67 ± 0.41

8.00 12.50 30.66 ± 0.13 25.58 ± 0.35

2.00 10.00 38.29 ± 0.09 30.97 ± 0.52

2.00 15.00 37.41 ± 0.10 32.65 ± 0.34

7.00 10.00 23.92 ± 0.02 14.46 ± 0.28

4.50 16.00 35.97 ± 0.23 34.50 ± 0.30

0.97 12.50 26.59 ± 0.17 32.23 ± 0.17

7.00 15.00 39.20 ± 0.12 27.96 ± 0.65

4.50 12.50 40.04 ± 0.38 32.55 ± 0.10

4.50 9.00 34.53 ± 0.16 32.75 ± 0.39

Figure 2. Dynamics of the adsorption process while approaching the 

equilibrium condition.
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capacity of IRA 400 resin for CA adsorption is 0.641 mg
CA

/

g
resin

, with a maximum recovery at equilibrium corresponding to 

55%. Similarly, Costa et al. [10] employed extractive cultivation 

using IRA 400 ion-exchange resin, obtaining a CA recovery of 

78%; thus, increasing the cumulative CA concentration by 248% 

compared to the control without product removal. The increase 

in CA productivity when it is adsorbed from the cultivation 

broth supports the hypothesis that high CA concentration may 

inhibit antibiotic biosynthesis and justifies its application for 

extractive cultivation. 

Influence of CA initial concentration and solid/liquid ratio on the 
adsorption process

The limitation in the amount of resin in an adsorption 

process can be attributed to several fundamental reasons, one 

of which is that each adsorbent has a finite adsorption capacity, 

i.e., a maximum amount of adsorbed substance that it can retain 

on its surface under specific conditions. Once this capacity is 

reached, the resin can no longer adsorb any more substance 

and must be regenerated or replaced [26]. Alternatively, 

adsorption is a dynamic equilibrium process, meaning that 

there is a constant struggle between molecules that adsorb on 

the adsorbent surface and those that desorb from the surface and 

return to the liquid phase [21]. When the maximum adsorption 

capacity is reached, the equilibrium shifts toward desorption, 

and the amount adsorbed no longer increases. In addition, using 

an excessive amount of resin would be costly and inefficient, 

as it would require higher investments in equipment, more 

time for regeneration, and higher energy consumption for the 

process. Therefore, it is important to find a balance between the 

amount of resin used and the required adsorption capacity, in the 

particular case of CA, a high concentration could quickly occupy 

the active sites of the anion exchange resin implemented, which 

would generate a very low efficiency in the process by being 

able to recover all the CA molecules that are in the cultivation 

broth, resulting in a low yield of the process [21,27,28].

The adsorption was favored by increasing the 

adsorbent-to-liquid ratio, see Table 5. Thus, the highest 

separation was attained in the range of 40%45% solid/liquid 

ratio, adsorbing a mean of 47.70% of CA present in the broth. 

The CA concentration in the liquid does not significantly 

influence the mass of CA adsorbed since the available sites in 

the resin for the adsorption are the main factors associated with 

the separation. The resin is highly selective for CA, showing 

no significant difference between the adsorption capacity 

on defined and complex medium, i.e., complex medium 

components do not reduce the mass transfer driving force for 

CA adsorption. 

Optimizing the amount of resin used according to the 

concentration of CA to be treated is important for an efficient 

design and operation of the separation process. In cases of very 

low CA concentrations, i.e., when a large amount of resin and 

a limited amount of CA are available (in very dilute solutions), 

there is a risk that the resin will not reach its full saturation 

capacity due to the lack of CA to occupy all the available active 

sites. This situation would result in an underutilization of the 

adsorption capacity of the resin, resulting in increased operating 

costs and resin regeneration processes. On the other hand, in 

reverse situations where high concentrations of CA are found 

in cultivation broths, and a limited amount of resin is available, 

rapid saturation of the resin could occur. In this case, the resin 

would reach its maximum adsorption capacity before having 

adsorbed a significant amount of the CA present in the solution. 

As a result, the resin would need to be replaced frequently, 

resulting in increased operating costs and technical complexity 

of the process.

Desorption process of CA from anion exchange resin
The desorption of CA retained from the anion 

exchange resin was carried out by elution (Fig. 3). The process 

involved the addition of 10% (w/v) of NaCl solution at 22°C 

and 240 rpm for a duration of 135 minutes [10,29,30]. 

Desorption kinetics depends on various factors, 

including resin type, CA concentration, NaCl concentration, 

and temperature. Figure 3 shows the CA desorption dynamics. 

As observed, most of the adsorbate was released during the first 

15 minutes of elution, reaching its maximum concentration 

at 75 minutes, which is in agreement with the data already 

reported by Barboza et al. [11] and Costa et al. [10]. Larger 

times are required for desorption processes compared to that Table 5. Effect of the concentration and solid/liquid ratio on 

adsorption percentages of CA using the anion exchange resin  

IRA 400.

CA
0
 (mg/l) Resin ratio (%) CA

r
 (%)

100 40 51.50 ± 0.15 

500 45 52.48 ± 0.09

500 25 44.01 ± 0.62

500 25 44.79 ± 0.18

900 10 23.80 ± 0.33

500 5 11.91 ± 0.08

100 10 32.14 ± 0.29

65.70 25 41.21 ± 0.08

900 40 45.66 ± 0.17

1,066 25 30.52 ± 0.33

500 25 32.29 ± 0.10

Figure 3. Result of the desorption of CA obtained from S. clavuligerus cultures 

using complex cultivation broths.
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of adsorption, possibly due to the strong ionic interaction 

that is established between the resin and CA. This interaction 

overcomes the adhesive strength between the resin and the 

chloride ion, which comes from the NaCl solution used 

for elution in the desorption process [20]. The best thermal 

condition for adsorption (10°C) differs from the desorption 

temperature (22°C), since the dissociation of the resin-CA 

complex is actually an endothermal process, in contrast to the 

adsorption. Almeida et al. [31] reported that desorption follows 

Arrhenius dependence respect to temperature suggesting that 

increasing the agitation state of the molecules, allows the ionic 

CA molecules to be more easily displaced from the sites where 

they are located.

As observed, there were some losses between the 

adsorption and desorption process, due to the fact that the 

adsorption agent (anion exchange resin IRA 400) presented 

some limitations both regarding the cultivation broth and in 

the saline solution, used at the moment of CA desorption. The 

presence of high concentrations of negatively charged ions 

(Cl
-
) in salt solutions can lead to ionic competition with the 

resin exchange sites. This can decrease desorption efficiency 

by interfering with the release of adsorbed CA [32]. Likewise, 

the high concentration of ions (Cl
−
) in the salt solution could 

accelerate the saturation of the active sites of Amberlite IRA 

400, limiting its ability to completely desorb the adsorbed CA. 

In addition to NaCl, there are other ionic solutions 

that can be used to desorb CA from the resin, such as sodium 

hydroxide or potassium chloride. It is essential to consider the 

specific requirements and limitations of the process, such as the 

stability of the CA under alkaline conditions, which precludes 

the use of hydroxides [33,34]. It is also necessary to consider 

the compatibility of the desorbing solution with downstream 

processes and the general purification requirements of the 

recovered CA. 

The adsorption process was clearly favored by 

increasing the adsorbent-to-liquid ratio. Data has shown that the 

highest separation was attained in the range of 40%–45% solid/

liquid ratio, adsorbing a mean of 47.70% of CA present in the 

broth. However, the adsorption process requires further studies, 

since the yields obtained were low due mainly to the desorption 

equilibrium, showing a considerable loss of CA when compared 

to the liquid–liquid extraction using ethyl acetate as solvent. 

A nonlinear model for prediction of CA recovery by 

liquid extraction

Response surface methodology is a set of techniques 

used to model and analyze problems in which a variable of 

interest is influenced by at least two quantitative factors [35]. 

Among the strategies studied to achieve the highest recovery 

of CA from the cultivation broth, it was found that due to 

optimization in process time, the raw material to be used, and 

reduction of environmental pollution in a possible industrial 

scale process, liquid extraction was presented as one of the best 

alternatives to implement. The results obtained in the treatments 

performed for the extraction showed higher values for obtaining 

CA with respect to the recovery by the adsorption method, 

taking the latter into account and adding the complexity of the 

process, liquid extraction was chosen as the best alternative, 

and therefore, the optimization was carried out by means of the 

simulation tool. Therefore, a statistical analysis of the process 

was performed in the R software, to evaluate the effect of the 

variables CA concentration in the cultivation broth and aqueous/

organic phase ratio, on the CA extraction yield.

As a predicted effect of the control variables on the 

response variable, the aqueous/organic phase ratio factor was 

expected to have a greater effect on CA extraction yield. The 

experimental runs were carried out in random order, so that the 

possible environmental and temporal effects were distributed 

equally, between treatments. Table 6 shows each of the estimated 

effects and interactions of the variables CA concentration in the 

cultivation broth and the aqueous/organic phase ratio on the 

percentage of CA recovery. Also shown is the standard error of 

each of the effects, which measures their sampling error.

From the analysis of variance, it was observed that 

all the effects were influential, given that their p-values were 

less than α = 0.05. It could be seen that both main effects 

were significant. Among the effects of double interactions, 

the most significant was contributed by that of concentration 

[35]. In the analysis of variance, Table 6, it was observed that 

the highest p-value is given by the double interaction between 

the controlled variables, with a value of 0.023, lower than 

the predefined significance value, which indicates that it is 

statistically significant and, therefore, all interactions should 

be taken into account. The accuracy of the prediction of the 

percentage of CA as a response variable was measured by the 

quality of the model fit and was determined by the adjusted 

coefficient of determination .

The value of  adjusted by degrees of freedom was 

0.922; thus, the model obtained explains 92% of the variability 

Table 6. Analysis of effects and variance for percentage of CA recovery.

Source Estimated effect Standard error Sum of squares Mean square F-ratio p-value

A: Concentration −8.38 0.019 140.45 140.44 194,522.76 0.0014

B: RLL 17.79 0.019 633.11 633.11 876,891.20 0.0007

AA 2.33 0.025 6.17 6.17 8,552.16 0.0069

AB 0.73 0.027 0.54 0.53 744.17 0.0233

BB 4.61 0.03 24.25 24.25 33,593.84 0.0035

Lack of fit 67.46 22.49 31,146.51 0.0041

Pure error 0.00072 0.0007

Total (error) 865.99
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loss (approximately 25%) compared to liquid–liquid extraction 

using ethyl acetate (which achieved a 60.37% recovery for the 

complex medium). Based on the results, a potential contributing 

factor to this outcome could be the interferences resulting from 

impurities adhering to the active sites of the resin, leading to 

a reduction in adsorption capacity. The extraction strategy 

potentially allows up to 80% of product recovery. Meeting 

this condition would enable the retrieval of concentrated CA 

for subsequent precipitation and purification stages, thereby 

enhancing overall process efficiency and resulting in a clear 

reduction in both cost and environmental impact. 
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