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ABSTRACT

Erythromycin is an antibiotic which can effectively deal with a broad spectrum of Gram-positive bacterial
pathogens and is usually used by people who have allergy to penicillin. During production of erythromycin,
downstream processing contributes to a high portion of the production costs due to the nature of the broth.
Conventional liquid-liquid extraction method has the problems of having limited choice of solvents and formation of
emulsion which greatly hinders the separation process. Recently, various separation and purification alternatives
can be found in literature such as pre-dispersed solvent extraction, ionic liquids, membrane filtration, liquid
membrane, adsorption, and reverse micelle extraction. The improvements of downstream processing for antibiotics
are necessary not only to enhance the quantity and quality of antibiotic products but also to improve the process
itself to be more sustainable and environmental friendly.
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INTRODUCTION

Erythromycin is a type of macrolide antibiotic tleain slow the growth of bacteria by limiting thagcess to protein
and then kill the bacteria. It is commonly usedtreat diseases caused by Gram-positive bacterihiogans
especially those related to respiratory systemskia [1]. Semi-synthetically modified derivatives erythromycin
such as azithromycin, roxitromycin, and clarithraimyare also used for treating various infectioiseases.

Erythromycin is generally produced through ferm#data of Saccharopolysporaerythraeal[2-4]. During the
fermentation process, several variants of erythmwmygan be found as the products: erythromycifEfyA),
erythromycin B (EryB), erythromycin C (EryC), andythromycin D (EryD)[1,3,5]. The schematic struetsi of
the different variants of erythromycin are showrrigure 1.
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Figure 1: Different structures of erythromycin variants[1]

After the fermentation process, the product stres®ds to undergo series of processes to sepamtetiired
erythromycin from other impurities. This downstregrocessing stage contributes to a large portiototal
erythromycin production costs due to the fermeatatiroth being a much diluted stream[6]. The psepof this
paper is to give a brief review on the separatiethods applied for downstream processing of erylymn.

2.0 Conventional Liquid-liquid Extraction

Conventional liquid-liquid extraction involves sifepprocess where the desired products are soladilinto
appropriate solvent and then recovered. Liquidiigextraction is claimed to give high product pyritnd have
relatively shorter production time compared to otbeparation methods such as adsorption and ifilir§¥]. Butyl
acetate is most commonly used for liquid-liquid ragtion of antibiotics because it is biodegradadfel has
relatively low toxicity. However, it also has hidioiling point which will make subsequent processbagomes
more costly [8] (Manicet al.,, 2011). The potentials of other solvents such athwhiso-butyl ketone [9]
(Bosnjakovic, 1984), non-ionic alkyl phenol ethcedgd[10] (Mulleret al., 1989), tri-iso-butyl phosphate [11], and
mixtures of solvents (pentanol-chloroform, butacbleroform) [12] were investigated for the extraati of
erythromycin. The effects of important parametershs as solution pH, erythromycin concentration, and
temperature on the liquid-liquid extraction of émgimycinwere also been studied [13, 14, 15]. Aldtoumany
solvents had been investigated, only few of themevaetually being used in industry because moshefhave
undesirable properties such as high solubility @tex or high toxicity[16].

The main problem occurred during liquid-liquid exdtion of antibiotics is formation of stable ematsi The cell
and finely dispersed impuritiessuch as protein polysaccharides in the product stream are the saistances
causing the formation of emulsion [6]. The stahteuksion form during extraction process will hindae phase
separation process. It will also causelow prodiuetdyandhigh solvent consumption. An easy solutiorthis
problem is by adding de-emulsifier during the ldpiguid extraction process. However, applicatioh de-
emulsifier willfurther increase the production ®sind the capacity of centrifugal extractors neef@dDirect
release of de-emulsifier with the waste stream &b causes negative impacts to the environmefitedring the
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broth before conducting liquid-liquid extractionasother method to reduce emulsion but the emufsioblem will
still persists in conventional broth extraction.

3.0 Advanced/M odified Liquid-liquid Extraction

Various modifications were conducted on liquid-idjiextraction by researchers to overcome the lioig of
conventional liquid-liquid extraction and improveet product yield. A novel phase transition extattio extract
erythromycin from fermentation broth was reportgdLe et al.[7]. During the extraction process proposed by the
authors, the fermentation broth is first mixed wath organic solvent. Then, an inorganic salt iseddid induce
phase separation process. Finally, vacuum distifatand crystallization are conducted to obtain ifjma
erythromycin. The organic solvent chosen for th&agtion must be soluble with fermentation brotfopto the
addition of salt. The chosen must also be abledoice the mutual solubility of the fermentationtbrand organic
solvent mixture so that they can be separated timto distinct phases at the end of the liquid-ligextraction
process. Several combinations of organic solvemisimaorganic saltswere explored by the authorstheg found
that acetonitrile with NaCl is the most effectivar fextraction of erythromycin. This combinationaiso able to
achieve phase separation in short period. The mutinentioned that the organic solvent chosen nbedsasily
recovered and the combination of organic solventdjanic salt used should be in noxiousto erythrampesides
having good extraction efficiency. The main affagtiparameters of this liquid-liquid extraction nedhare the
extraction pH and solvent volume ratio (acetorfhifoth). The extraction process is found to betiedly
insensitive to changes in extraction temperatutee &uthors showed that 98.5% extraction efficienap be
achieved with only single stage extraction. Phagaation was achieved within a few minutes indicpthat it is a
very fast process compared to conventional ligigididl extraction which will takes 12hr to35hr. Othe
advantagesof this extraction method are no emul&omed during the process andeasier subsequeifyipgr
processes due to low boiling point of acetonitrile.

Pre-dispersed solvent extraction (PDSE) technigsimgu colloidal liquid aphrons (CLAs) for separatiaf

erythromycin from fermentation broth was studiedllyg and Stuckey [17]. PDSE techniquehad been tegdo

be able to extract several bio-molecules [18-2@.$tiucture of single CLA is illustrated in Figl2eThese CLAs
are micron sized solvent droplets enclosed by dlgimeous film. The droplets are stabilized by namei@nd ionic
surfactant. The importance of surfactants used deseribed by Lye and Stuckey [17]. Surfactantstiheselected
carefully for the formation of CLAs because theunatof surfactants and phase contact processegreitly affect
the mass transfer of erythromycin. Further infoiorategarding the stability of CLAs can be foundhe work by
Sebba [21]. The CLAs studied by Lye and Stuckeyewiermed using organic solvent decanol, non-iooiéastant
Softanol 120, and ionic surfactant SDS [17]. Thé&aetion is found to be driven by favorable pastitng of

erythromycin between the aqueous phase and sabeees of CLAs. Erythromycin can be extracted witkhrort

period due to large total interfacial area avaddbk mass transfer.
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Figure 2: Structureof CLA [22]
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The important parameters affecting PDSE using Clofwsied by decanol, Softanol 120, and SDS for theaeton

of erythromycin were reported by Lye and Stuckeg][2 Extraction pH was identified as the most dacanin
parameter during the extraction. The authors repothat when pH is higher than pkif erythromycin (8.6),
extraction efficiency is enhancedbecause most emticin molecules present in non-polar form at thidtrange.
On the other hand, stripping process of erythromygsienhanced at solution pH lower than,mi erythromycin

since most erythromycin molecules present in padificharged form. The authors also suggest usm@bAs to

feed ratio so that the amount of erythromycin remediin aqueous phase at the end ofthe extractioheaeduced,
thus providing higher purification fold. Another thed to enhance the extraction process is to udé-stage

processing at the price of higher equipment ancht@aance costs. In the studies of Lye and StucRelydnd Lye

and Stuckey [17],the impacts of SDS during theptrig process is found to be more significant comgdo those
of non-ionic surfactant used. Increasing SDS cotmagon caused the stripping efficiency to deceed$e reduced
erythromycin recovery may be the result of sevaralesirable processes such as the formation ofsevsicelles,
microscopic interfacial turbulence, andirreversiileractions between SDS and erythromycin atnterface.

Conventional liquid-liquid extraction is criticizetb be relatively insensitive by Kamaret al.[23] because
impurities in fermentation broth might be extractedjether with the desire products. Therefore, diéhors
suggested a liquid phase extraction with back etitma (LPE-BE) for higher quality separation of #gmpmycin
from fermentation broth. This methodis claimed &rore sensitive,simple to operate, rapid process,cheaper
compared to conventional liquid-liquid extractidhe LPE-BE was conducted by first converting thgteomycin

into non-ionic form through pH adjustment to enable solubilization of erythromycin into the orgeusiolvent with
mixing. The requirements for an organic solventb fit for the extraction purpose are: high affniio
erythromycin, immiscible with broth, lower densitgan water, andlow volatility. After that, erythrgoin are
transformed into ionic form by mixing with suitabé&ceptor solution and finally recovered. The argho their
experiment adjusted the broth pH to 10 and theninwith n-butylacetateto extract the erythromyciten, the n-
butylacetatesolution containing erythromycin wasediwith an acidic acceptor solution (pH 5) for batraction.
The effects of important parametersincluding thietsms pH, salt concentration, and types of orgaalvent were
illustrated by the authors. Solution pH is the maesticial parameter because it controlsthe conversib
erythromycin molecules between ionic andnon-ionarnf. On the other hand,salt concentration showed
insignificant impacts on the extraction efficieremyd can be omitted from the extraction of erythrommyo reduce
costs. The overall recovery efficiency achievabdn de more than 99%. The author also showed that by
incorporating the LPE-BE with high performance ldjehromatography-diode array detector (HPLC-DADEan

be abetteralternative to analyzefermentation beotitainingEryA, EryB, and EryC.

Besides conventional organic solvents, ionic liguican be used to extract bio-molecules [24-26]. orRo
temperature ionic liquids (RTIL) are proposed fairaction of antibiotics because they arestable oxwée range of
operating temperature, non-flammable, nontoxic,idgew volatility, and environmentally friendliehan organic
solvents [25]. The extraction processes involvefimixing the feed phase containing antibiotics wattsuitable
RTIL at room temperature. After that, the liquiglot phase system is left until equilibrium is acl@dvand then
phase separation is conducted. RTIL 1-methyl-34buigtazolium hexafluorophosphate J@im][PF] is shown to
be able to extract EryA from an aqueous solutionGwl et al.[27]. Manic et al.also successfully extracted
erythromycin from an aqueous solution using RTIbutyl-1-methylpyrrolidinium bis(trifluoromethylswhyl)
imide [BMPyrrol][Tf,N][8]. The most significant parameter during theragtion process is identified to be pH of
solution. This indicates that electrostatic intéiats between erythromycin molecules and ioniciticare the main
driving forces during the extraction. However, argimycin is found to be degraded at both strongliacind
alkaline conditions.

The characteristics of ionic liquids that can bseigieed to meet specific purposeindicate that tkisaetion method
can be highly selective. However, the biggest tande to the wide application of ionic liquids i tHifficulty of
product recovery from the ionic liquid [8]. In ord® recover erythromycin from ionic liquid aftexteaction, Manic
et al.proposed the use of high-pressure,foGtrip the erythromycin from ionic liquid [8]. €h, the high pressure
CO, containing erythromycin was depressurized. Aftexttthe precipitates of erythromycin were formédosv
temperature. Since ionic liquid is insoluble in £@heserecovery procedures can prevent any ionigidli
frombeing potential impurities in the final erytimgcin product. CQ@itself is also depressurized and not been found
in the final erythromycin product. Therefore, highrity of erythromycin can be achieved througls thbéparation
method. Increasing the stripping pressure canrerghthe extraction yield but it will increase theecating costs
considerably. Up to 97% product yield were repoittgdthe authors. Although extraction using ionguids and
recovery using high-pressure €€an give high quality erythromycin product, thare still several uncertainties
waiting to be solved. Some researchers had repesitgificant solubilization of ionic liquids in G&hich hinder
the recovery process [28, 29]. Significant reducitdd CO, solubility in ionic liquid when water is presentsvalso
reported[30]. Further investigations are necesbafgre this method can be practically used in stidies.
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4.0 Membrane Filtration

Membrane filtration is used to separate substatiresigh the size exclusion principle. Rejection apdmeate flux
of the process are usually used to evaluate tHermpsances of membranes. Commonly studied membitratidn
techniques are microfiltration (MF), ultrafiltratiqUF), nanofiltration (NF), and reverse osmosi®jRach having
their own range of pore sizes. Conventionallyefilpress is used to filter the fermentation brafote liquid-liquid
extraction process[31]. Active substances suchrateip and polysaccharides must be removed to deoidation
of emulsion during liquid-liquid extraction.Recantimany researchers are studying membrane filtragohniques
as replacements to the conventional filter preskinnstream processing of bio-products.

Li et al.reported a study to improve theliquid-liquid extrac of various antibiotics including erythromycinb
applying UF to the antibiotics broths [6]. The bfembranes used by the authors were made from pglidene
fluoride. These UF membranes have molecular weaighbff (MWCO) ranging from 5 kDa to 50kDa. Emulsi
was formed during the extraction of erythromycionfr broth not treated withUF membrane. The emulsion
prevented phase separation of the broth and orgahient. The UF membranes with MWCO of 50 and2Dlare
found to be unsatisfactory in dealing with formatmf emulsion. On the other hand, no emulsion feermedwhen
5kDa UF membrane was used to treat the brothand ghase separation was obtained. Similar improwsne
were reported for other antibiotics tested by thhars. This indicates that the UF membrane with ®W5kDa is
capable of removing surface active substancesath laffectively, thus preventing the formation afidsion during
the liquid-liquid extraction of antibiotics. The qatuction costs of erythromycin can be reduced krtprating
fermentation broth using the UF membranes becaxisansive de-emulsifier and high speed centrifugédaetor
will not be necessary for downstream processirth®fntibiotic.

Most studies reported for membrane filtration invdstream processing of antibioticsfocus on onlpeazitone of
MF/UF or NF [31]. Although UF is very useful inmeving impurities from the fermentation broth, theed of
diafiltration (DF) in order to obtain good filtrath causes the process stream after the filtratbdmave very large
volume. This will increases the amount of solvemd ime needed during subsequent antibiotic extragirocess
[32]. Furthermore, the production and wastewateattnent costswill also be increased. Filtratiorough a
combination of UF-NF membrane system was proposetidet al.[31] as the pre-treatment for erythromycin
fermentation broth. The purpose of NF membrane teasoncentrate the process streamcoming from UF
membranes. The membrane pairs selected must baablevent the formation of emulsion during sulsst
liquid-liquid extraction besides giving high perrteedlux during the filtration process. The UF meatestested
were made from polysulphoneand had MWCO rangingnfi@kDa to 100kDa. The authors reported that 30dBa
membrane gave the best filtration performancesbs&yuent liquid-liquid extraction of erythromycising n-
butylacetate was successfully conducted withoun&dion of emulsion. The study showed that pH ofggFmeate
has significant impacts on NF. Alkaline UF permesagsulted inunsatisfactory NF performance. The ansth
explained this observation as limited solubility efythromycin in alkaline solution and formation of
cationhydroxides at the membranethat caused memlfoating. Nevertheless, adjusting pH of UF perradatnear
neutral had significantly improved the NF performan Up to 99% filtration yield can be obtainedngsthis UF-
NF system. The authors also showed that consungptibmbutylacetateand pure water can be reducetsiog this
method as pretreatment for erythromycin fermentaibicoth.

5.0 Ligquid M embrane

Instead of using solid membrane sheets,liquid man®rtechnique uses immiscible liquid layer as meamdr
between feed phase and stripping phase. Liquid meembtechnique combinesboth extraction step arppstg
step in one operation and it operates using safeests [33]. 1-decanol was used by Kawastldl.[16] to form
liquid membrane for the extraction of erythromydiom buffered aqueous solution. The liquid membrarees
supported by a porous material. At the same timecidic aqueous solution was used as strippingept@arecover
the erythromycin. A two compartment mass transfdl was selected by the authors to conduct theaetiém
process. The most significant parameters identifiedng the extraction process were pH of both fpedse and
stripping phase. The authors reported faster rrassfer of erythromycin when the pH of feed santiwas
increased from 8.5 to 10.5. The mass transfer medatonstant at feed solution pH higher than 1@&.the other
hand, high stripping phase pH reduced the recosémrythromycin. The authors explained these olzd@ms as
the results of erythromycin molecules existingati¢ or non-ionic forms at different pH ranges. S'keparation
technique for erythromycin is claimed to be easdwntrollable through adjustment of solution pHagesprocess for
utilizing non-toxic carrier, and havehigh antibootiield.

Separation of erythromycin from broth contents gstmulsion liquid membrane (ELM) has several disatlvges
such aslow separation performance andlow flux. dka&t al.carried out a study to improve the performances of
W/O/W ELM technique for separation of erythromy¢d4]. The authors used a solution of Span 80 irntdrepto
form the liquid membrane. According to their sintida study,the greatest hindrance to the separatiocess was
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unfavorableerythromycin concentration profile. Theggestion given by the authorsto improve the seioar
efficiency was selecting an appropriate phase ctinth method. The authors themselves tested a sqiaynn
where feed phase is dispersed in continuous orgarase for the separation of erythromycin from agsephase.
Better separation performancesthan conventionahcting method were reported.

6.0 Adsorption

Adsorption is a popular technique in separatiorcpsses. During adsorption process, erythromycirecutés are
transferred from feed phase to the surface of adests thus separated from impurities. Desorptiarcgss is
needed to recover the erythromycin product aftedwaFhe adsorption process is mainly controlled by
thermodynamic equilibrium of erythromycin concetive. The adsorption capacity determines amount of
erythromycin that can be adsorbed per unit maserhadst. Generally, adsorption method gives highasation
efficiency and regeneration of some adsorbentsvalfor multiple usages.

Several neutral polymeric sorbents and ion exchaugbents are availablefor the adsorption of prtadfimm

fermentation broth. Some commonly used sorbentadeccopolymer of styrene and divinylbenzenecafobed in

industrial processes [35]. The performances ofrsgamionic resin, cationic resin, and neutralnmési separation of
erythromycin from fermentation broth were studigdRibeiro and Ribeiro [35]. Good erythromycin aggmn

was reported for both neutral resin and catiorsinteOn the other hand, poor erythromycin adsonptvas reported
with anionic resindue to strong electrostatic repwal forces between anionic resin andcharged emtyecin

molecules. More erythromycin can be adsorbed titoresins at higher operating temperature. Therpten

equilibriums wereachieved within 3 hr for all resitested by the authors. They also mentioned deivepartant

aspects that need to be investigatedduring adeariudies such as rates of adsorption, effectepefating
temperature, interactions between antibiotic ansbdmknts,shapes of the isotherms, andsignificahggateau in
the isotherms. However, recovery of erythromycanfrthe resins after adsorption was not reportedahstudy.

When there more than one variant of erythromyciistér fermentation broth, it is usually desiralderecover as
much EryA as possible in the final product. Nongpaksins are reported to have higher selectivaiaeting EryA
over EryC[36]. The potential of a macroporous naotep polystyrene resin for separation of erythromyaariants
from fermentation broth was investigated by Zheh@l.[37]. Studies showed that hydrophobic forces &ee t
dominant driving forces of the adsorption proc&3werefore,higher erythromycin concentration in teed phase
led to bettererythromycin adsorption. After adsimptprocess, the resin was washed and erythromyeia
recovered throughdesorption of resin using butgtae. More than 96% erythromycin can be recoveredbutyl
acetate. However, the adsorption-desorption procesksl not separate the erythromycin variants éffely. After
that, the organic solvent containing erythromycimswnixed with a neutral buffer solution. Subsedyeatl butyl
acetate was removed through azeotropic distillati®imally, crystallization was conducted to obtafre final
erythromycin product. EryA and EryCvariants can deparated during crystallization step by adjusting
operating pH. The authors found that crystallizatid EryC can be limitedat operating pH betweem@ 40. The
final product yields reported were92.3% and 41.9%&EryA and EryC respectively. An advantage of thithod is
the reduced consumption of organic solvent comptrednventional liquid-liquid extraction. Howevéne authors
reminded that their method is not suitable for safp@n of broth with high EryB concentration becausryBwill
crystallize easier than EryA and will become theémipurity in the final product.Therefore, it isggested to limit
the formation of EryB and EryC during the fermeimiatprocess rather than trying to separate themm figyA
during downstream processing the antibiotic.

7.0 Reverse Micelle Extraction

Reverse micelle extraction is one alternative whgamed growing interests from researchers foretkteaction of
antibiotics in recent years[38-41]. This separattechnique utilizes reverse micelles formed by appate
surfactants tothen extract antibioticsfrom brothe Btructure of reverse micelle is shown in FigirAdvantages of
reverse micelle extraction include easy operationg] operating conditions, andhigh selectivity.also has the
potential forsolvent recycling, continuous opemtiandscale up. This technique is better than auiomal liquid-
liquid extraction because it is able to limit tlerhation of emulsion, preserve activities of armtilais been extracted,
achieve separation within short time, and allowuke of safer solvents[42].
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Figure 3: Structure of reverse micelle [43]

Solubilization of penicillin G into bis(2-ethylheRysulfosuccinate (AOT) reverse micelle in isoo&amas reported

by Mohd-Setapagt al.[43]. The effects of important parameters suchcqsous phase pH, surfactant concentration,
salt concentration, and antibiotic concentrationtfee separation of penicillin G using reverse rhhécextraction
were studied by Mohd-Setapatr al.[44]. Optimum separation of antibiotics can be aehd by adjusting these
parameters. Reverse micelle extraction are alsoesstully applied for the separation of amoxicifiiom agueous
solutions [45, 46]. This separation technique hagbtential to beused for separation of erythramyc

8.0 Concluding Remarks

Downstream processing of erythromycin is commomwlydticted through liquid-liquid extraction methodwéever,

the limitations of conventional liquid-liquid extttion method pushed researchers to find alternafioeseparation
of erythromycin. This led to various innovativetraxtion methods being proposed. Continuous impraarés of

downstream processing methods for erythromycinathdr antibiotics will help to reduce the produntimosts and
minimize the impacts of the processes to the enwient.
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