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A B S T R A C T   

The usage of pharmaceuticals (PhCs) as an integral part of human healthcare is growing globally. However, as 
most current wastewater treatment plants (WWTPs) are not designed for the removal of PhC residues, effective 
and cost-efficient new technologies are required to meet this challenge. Adsorption has proven to be an efficient 
method, however, traditional adsorbents e.g., activated carbons and ion-exchange resins are often excessively 
costly. Therefore, there is a growing interest in novel low-cost adsorbents, which have a high affinity toward 
PhCs. This review focussed on two priority pharmaceutical classes, metformin (MF) a biguanide, and macrolides 
(e.g., clarithromycin, erythromycin, azithromycin) and assesses isotherm, kinetic and thermodynamic studies 
(and modelling), as well as the adsorption mechanisms with discussion on some identified mistakes and in-
consistencies. The review also sought to identify gaps in knowledge that should be priorities for future in-
vestigations. The review indicated maximum adsorption capacities from Langmuir isotherm were found to be 
0.34–278 mg/g for MF and 7.56–340 mg/g for macrolides. Data showed kinetics to be well represented by the 
pseudo-second order model and that mass transfer was predominantly controlled by both film and intraparticle 
diffusion. However, there was little information in the literature on the mechanisms involved in adsorption of 
these compounds, or involving dynamic conditions or real-world application (real effluents in environmentally 
relevant concentrations). Therefore, future priorities should include scale-up, effluent studies, and cost-analysis 
and environmental impact (e.g., Life Cycle Analysis). These are required to assess the commercial viability of the 
adsorbents for PhCs removal in WWTP applications.   

1. Introduction 

Today there are over 3000 active PhCs available that have been 
approved to treat a variety of illnesses and ailments [1]. PhCs can enter 
into municipal sewer systems through various routes and it has been 
reported that up to 90 % of the administered drugs may be excreted by 
animals and humans [2]. The highest concentrations of PhCs have been 
associated with hospitals and nursing homes, where per-capita PhC 
usage is proportionately higher [3,4]. Other routes through which PhCs 
can enter natural waters include waste from the PhC industry, animal 
husbandry or aquaculture, e.g., veterinary medicines [5–7]. There are 
several environmental and health concerns associated with the presence 
of PhCs in water, such as anti-microbial resistance [8] and endocrine 
disruption effects (behaviour changes, intersex organisms and endocrine 
related medical conditions [9,10]. Therefore, it is essential that these 
compounds are effectively removed in the water treatment process 

before effluent is discharged into the environment. 
Wastewater treatment plants (WWTPs) employ several distinct steps: 

Primary treatment, which can include screening, coagulation, floccula-
tion and sedimentation followed by secondary treatments, such as 
conventional activated-sludge (CAS), trickling filters and clarification 
[11]. This can then be followed with tertiary methods such as advanced 
oxidation, membrane filtration, reverse osmosis, membrane bioreactors 
(MBRs) and/or adsorption [12–14]. However, biological treatments 
such as CAS are unable to completely degrade recalcitrant compounds, 
and most tertiary processes are expensive, non-selective, inefficient at 
low concentrations or can produce unwanted by-products [13,15,16]. 
Adsorption has potential as an alternative for the removal of many PhCs 
[17]. Ideally a highly selective, efficient and regenerable adsorbents 
could bridge the shortcomings of the previously mentioned technologies 
[18]. Candidate adsorbents should be environmentally benign, adapt-
able and have the potential to be regenerated, and be of relatively low 
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cost [19,20]. Commercial adsorbents include activated carbon (AC), 
zeolites, ion-exchange resins, silica-gel and activated alumina [21]. 
However, despite their wide availability and applicability for wide va-
riety of pollutants, the high cost and potential sustainability issues 
hinders their utilisation [22,23]. For example, Snyder et al. [24] dis-
cussed the effective removal (>70 %, at environmentally relevant con-
centration 34–479 ng/L) of a range of PhCs, including erythromycin 
(ERY) using powdered activated carbon (PAC). However, it has also 
been reported that granular activated carbon (GAC) bed life and effi-
ciency may be limited over a longer period, caused by organic matter 
fouling [25]. This was shown in the adsorption of carbamazepine (CBZ) 
and naproxen (NPX) [26]. Adsorption of PhCs using more unconven-
tional materials such as low-cost natural materials or those produced 
from waste precursors has also been widely explored e.g., adsorption of 
recalcitrant NPX and CBZ using plum kernels [27,28], diclofenac (DCF) 
and trimethoprim (TMP) onto biochar [29], amoxicillin (AMX) onto 
palm bark [30] and ERY using banana peel AC [31]. Such low-cost and 
naturally derived materials are potentially attractive from economic and 
environmental perspectives. This review aims to identify PhCs (met-
formin and macrolides here) which present particular removal chal-
lenges and to identify non-commercial adsorbents which may have 
potential to do so. To the best of the authors knowledge, there is no 
available review in literature examining the adsorptive approaches and 
challenges of metformin (biguanides) and macrolides. 

This review concentrates on the adsorption of MF and macrolides 
onto a variety of alternative adsorbents (e.g., nanocomposites, carbon-
ous materials, functionalised adsorbents), also considers batch studies, 
modelling approaches, process optimisation and instrumental charac-
terisation with the future priorities (e.g., economics, larger scale tech-
nical applicability, etc.) also being summarised. 

2. Prioritisation of the compounds and their characteristics 

Due to the large number of PhCs across different classes found in 
wastewater, a number of criteria were applied to identify a subset of 
‘priority’ PhCs of environmental concern (Table S1). The criteria used 
were consistent with those included in other prioritisation exercises e.g., 
OSPAR’s selection; [32] and in similar research [33] where the reviews 
focus was identified to be on biguanides most abundant compound (e.g., 
metformin) and macrolide antibiotics. 

2.1. Metformin (and biguanides) 

Metformin (N,N-dimethylimidicarbonimidic diamide) hydrochloride 
(MF; C4H12ClN5 is an anti-diabetic drug and one of the highest pre-
scribed drugs globally [16,19]. It is also used for the treatment of other 
conditions such as impaired glucose intolerance; endocrine disorders 
(polycystic ovarian syndrome (PCOS)) [34] and some cancers [19]. MF 
usage in the EU doubled between 2000 and 2012, due to an increases 

obesity and therefore type 2 diabetes [35]. 
MF is a biguanide i.e., an aliphatic amine, with two methyl groups 

(see Fig. 1a-b) and is predominantly a hydrophilic cationic species. It is 
highly soluble in water, with logKow − 2.48 to − 4.92, molecular weight 
129.1 g/mol and two pKa values 2.97 and 11.61 [9,36]. It persists in the 
environment, and WWTPs have not proven successful in the removal of 
it or its metabolites, e.g., guanylurea, [37]. Margot [12] reported 
removal of < 57 % with conventional biological treatments (e.g., acti-
vated sludge) and concentrations of up 10.35 µg/L in resulting WWTP 
effluent. MF is a possible endocrine disruptor in the environment, 
associated with intersex gonads in male fish and has also been reported 
to stunt the growth of carrots [38]. Other biguanides are used as anti-
malarial medicines (e.g., proguanil and chlorproguanil), however, to the 
authors’ knowledge, there is no report in literature on their potential 
removal from water with different adsorbent materials, or with other 
treatment technologies. 

2.2. Macrolides 

Macrolides are a family of antibiotics commonly used in the treat-
ment of infectious diseases in humans and animals, such as skin and 
respiratory bacterial infections and in combination with other medica-
tion to treat stomach ulcers [39,40]. Macrolides are natural products 
containing a large lactone ring, onto which deoxy sugars may be 
attached [41]. Macrolides with growing consumption include; clari-
thromycin (CLR), erythromycin (ERY), roxithromycin (RXM), azi-
thromycin (AZM), tylosin (TYL) and clindamycin (CLD) [42,43]. 

However, concerns are growing around antimicrobial resistance, due 
to the overuse and the lack of new antibiotics (World Health Organisa-
tion) and three macrolides, CLR, ERY and AZM (Fig. 2a-f) are now on the 
EU watch list [44], which makes easier to assess the risk from pollutants 
found in surface waters that are not already regulated. Also, it could help 
to avoid overuse and limit future prescriptions (e.g., One Health 
Breakthrough Partnership). Low removal rates have also been reported 
for CLR, ERY and AZM, less than 20 %, 6 % and 55 % (CLR was found in 
the highest concentrations (330–600 ng/L), followed by AZM 
(90–380 ng/L), ERY (60–190 ng/L)), respectively, in conventional 
activated sludge WWTPs [45]. The partial or no degradation (e.g., 
recalcitrant) character is very common for most nitrogen-containing 
PhC compounds [46,47]. 

2.3. Adsorption of target compounds 

Studies on the adsorption of MF and macrolides from water were 
reviewed to ascertain the adsorption process and mechanisms. These 
included batch studies (e.g., kinetics, isotherm, thermodynamics trials) 
and instrumental characterisation of the adsorbent materials before and 
after adsorption. Tables 1 and 2 give an overview of the conditions 
(adsorption capacity, analytical methods for determination and 

Fig. 1. Metformin’s (a) 2D structure and (b) 3D structure.  
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potential mechanisms) and the models of best fit found in literature for 
the adsorption of MF and macrolides using a variety of adsorbents. More 
details on the kinetic, thermodynamic and isotherm models used, are 
presented in Table S2. 

It can be seen from Tables 1 and 2 that a comparative review of 
removal performance is challenging due to the different units reported, 
variables tested, adsorbent materials evaluated, and models used. For 

the removal of MF (Table 1), adsorbents used include biochar syn-
thesised from natural precursors to advanced materials such as molec-
ularly imprinted polymer - magnetic multi-walled carbon nanotube 
(MIP-MMWCNT). In kinetic studies, PSO generally provides the best fit, 
indicating that second-order interactions through multiple mechanisms 
on the heterogeneous surfaces would be more dominant and prevail over 
simple particle diffusion (as first-order reaction). In isotherm studies, 

Fig. 2. The 2D structures (a-c) and 3D structures (d-f) of CLR, ERY and AZM.  
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Langmuir model (monolayer adsorption) provided the best fit with 
adsorption capacities of 0.34–278 mg/g. The quantification of MF has 
traditionally been performed by UV-Vis spectrophotometry at 232 nm, 
the maximum absorbance wavelength of MF molecule, with some cases 
where LC was used. 

From Table 2, it can be seen that a range of adsorbent have been used 
for macrolides, and in most of the cases PSO provided the best 
description for the adsorption kinetic patterns. For isotherm studies, no 
single model stood out, as the fit was dependent on the macrolide and 
the adsorbent material. Adsorption capacities ranged from 7.56 to 
340 mg/g with the Langmuir model suggesting that adsorption for 
macrolides was a hybrid mechanism, which does not follow ideal 
monolayer adsorption onto a homogeneous surface. Most studies have 
reported methodologies based on high performance liquid chromatog-
raphy couple to mass spectrometry in single or tandem mode (HPLC–MS 
and HPLC–MS/MS, respectively) to determine macrolides. Similar to 
MF, UV-Vis spectrophotometry was also well represented within the 
analytical methods. 

In many studies for MF and macrolides the authors concluded that 
the adsorption process was physisorption or chemisorption, without any 
robust instrumental characterisation or comprehensive adsorption 
experimental design. Only based on the correlation coefficient (R2) of 
the modelling data (both isotherms and kinetics) the adsorption mech-
anism could not be proposed, since the experimental data is only rep-
resented with empirical mathematical models. This problem has been 
extensively discussed in recent literature [82–84]. 

2.4. Effect of the solution pH 

Solution pH has a major influence on adsorption mechanisms [85]. 
The point of zero charge (pHpzc) is the pH at which the adsorbent surface 
has a net neutral charge: At a pH below this the adsorbent surface is 
positively charged, and at a pH above it is negatively charged [86]. 
Therefore, depending on the ionic state of the molecule at a particular 
pH, electrostatic attractions or repulsions will take place between the 
adsorbent and the adsorbate. Here we look at how solution pH in-
fluences adsorption of MF and macrolides onto a variety of adsorbents. 

MF has two pKa values 2.97 (pKa1) and 11.61 (pKa2), and this 

appears to contribute to a lack of consensus on the dominant species of 
MF at a specific pH. The majority of authors reported that below pKa1 
MF is a divalent cation, between the two pKa values it is monoproto-
nated, and above pKa2 is neutral [16,34,49]. This basis is used in this 
review, as MF is cationic due to protonation of it’s nitrogen containing 
groups and under highly acidic conditions it is likely that more than one 
of the nitrogen groups on MF gets protonated, which is shown on Fig. 3. 
Briones and Sarmah [87] also reported that between pH 5.7–8.5, MF is a 
monovalent cation, between 4 and 10 monoprotonated dominated. 

For MF adsorption onto GO Zhu et al. [34] used the pH range 4–11 in 
which the adsorbent was negatively charged, and MF was cationic, 
therefore, electrostatic attraction could take place onto GO. The opti-
mum adsorption was between pH 4–6. From characterisation studies, 
the dominant mechanisms were suggested to be so-called π-π electron 
donor acceptor (EDA) interactions with the aromatic rings in GO, and 
H-bonding between the amines on MF and the − O in GO. For MF π-π 
EDA interactions are termed as so-called π-π EDA interactions due to the 
interactions taking place through the double bond rather than an un-
saturated (poly)cyclic ring. As MF is an aliphatic molecule. The decrease 
in adsorption above pH 6, was attributed to less protonated forms of MF 
available at increasing pH, leading to less opportunities for interactions 
between GO and MF, and weaker π-π EDA interactions [34]. 

For the adsorption of MF onto silica-alumina based adsorbents 
(which had a negative surface under neutral conditions), Alnajjar et al. 
[16] reported the optimum pH to be 9. While 8.33 was the optimum pH 
for MF adsorption onto a zeolite (Fe-ZSM-5), pHpzc 3.8 [49]. As the 
adsorbents are negatively charged and MF is in its monoprotonated 
cationic state below a pH of 11.61, electrostatic attractions can occur 
(Fig. 3). Another possible mechanism is that due to an increasing 
number of hydroxyl groups available with increasing pH, more 
H-bonding may be taking place. 

However, Huang et al. [9] stated that between the two pKa values 
(2.97–11.61), the zwitterion dominates for MF. Their adsorbent, Alter-
nanthera philoxeroides biochar, had a pHpzc of 2.6 and the optimum pH 
for adsorption was 3. When pH was below 2.6, electrostatic repulsion 
took place between the positive biochar and the positive MF resulting in 
reduced adsorption. The adsorption capacity was found to increase with 
increasing pH up to 3, above it decreased with increasing pH. They 

Table 1 
An overview of the materials and conditions used for the adsorption of metformin in literature.  

Adsorbent Models of best fit Adsorption 
capacity (mg/g) 

Analytical method for 
determination 

Potential mechanisms Reference 

Alternanthera philoxeroides 
biochar 

PSO, Freundlich 56.17 HPLC-UV Chemisorption [9] 

Polymer PSO, Langmuir 5.10 UV-Vis So called π-π EDA interactions, H-bonding [48] 
Iron nanoparticles PSO, Langmuir 14.99 UV-Vis Physisorption [49] 
Ficus benjamina Fe/Cu 

nanoparticles 
PSO, Langmuir 42.82 N/A N/A [50] 

Zea mays tassel AC PSO, Langmuir 44.84 UV-Vis Physi- and Chemisorption [19] 
Silica-alumina W-M intra-particle diffusion 

and Boyd, Sip’s 
46 UV-Vis Electrostatic interactions [16] 

Graphene oxide PSO, Freundlich 47 UV-Vis So-called π-π EDA interactions, H-bonding [34] 
Iron modified seed husks PFO, Langmuir 65 UV-Vis N/A [35] 
MIP-MMWCNT* PSO, Langmuir 80 UV-Vis H-bonding [51] 
Food waste biochar W-M intra-particle diffusion, 

Langmuir 
0.34 HPLC-UV Pore filling, so-called π-π EDA interaction and 

chemical bonding of functional groups 
[52] 

Algae-lignocellulosic biochar 
mix 

Freundlich N/A LC-MS-MS N/A [53] 

Itaconic acid/kaolin 
hydrogel nanocomposite 

PSO, Freundlich 278.35 UV-Vis Electrostatic interaction and H-bonding [54] 

Magnetic carbon composites PSO, Langmuir 26.17 UV-Vis Chemisorption [55] 
Sterculia striata AC PSO, Elovich, Freundlich, 

Redlich–Peterson 
45.50 UV-Vis Chemisorption [56] 

Acid‑treated clay PSO, Freundlich 37.45 UV-Vis Physisorption [57] 
Sibipiruna AC PSO, Avrami, BET 103.83 UV–Vis Physisorption [58] 
Graphene oxide PSO, Fritz-Schluender 122.61 UV-Vis Physi- and Chemisorption [59] 

AC = Activated Carbon, UV-Vis = Ultraviolet-visible spectroscopy, HPLC = High Pressure Liquid Chromatography, *MIP-MMWCNT = Molecular imprinted polymer- 
magnetic multi-walled carbon nanotube, PSO = Pseudo Second Order, W-M = Webber-Morris, BET = Brunauer-Emmett-Teller 
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Table 2 
An overview of the materials and conditions used for the adsorption of macrolides in literature.  

Macrolides Adsorbent Models of best fit Adsorption capacity 
(mg/g) 

Analytical method for 
determination 

Potential mechanisms Reference 

TYL Goethite biochar PSO and Elovich, Henry and 
Freundlich 

N/A HPLC/UV hydrophobic, electrostatic, H-bonding, cation exchange, π-π 
EDA interaction 

[6] 

TYL Metal organic framework composite PSO, Liu 162 UV-Vis hydrogen bond and electrostatic interaction [60] 
TYL Hierarchically porous carbon PSO, Freundlich 340 UV-Vis N/A [61] 
TYL Date palm fiber AC PSO, Langmuir 147 HPLC electrostatic, H-bonding, π-π EDA interaction [62] 
TYL Corchorus capsularis N/A, Langmuir 25.0 LC-MS/MS hydrophobic, electrostatic, H-bonding, π-π EDA interaction [5] 
TYL Commercial resins PSO, Langmuir 84–92 UV-Vis hydrophobic, electrostatic [63] 
AZM Zeolite PSO, Freundlich 7.56 HPLC-ESI-MS/MS electrostatic, H-bonding [64] 
AZM Clinoptilolite PSO and interparticle, Langmuir 28–45 HPLC Chemisorption [65] 
AZM Mesoporous silica SBA-15 PSO, Freundlich 200 UV-Vis electrostatic attraction, H-bonding [66] 
AZM Organoclays PSO, Freundlich 299 UV-Vis electrostatic attraction, hydrophobic effects, H-bonding [67] 
AZM PAC/Fe/Ag/Zn nanocomposite PSO, Langmuir 14.18 UV-Vis H-bonding, π-π EDA interaction [68] 
AZM Filiculoides-based activated carbon PSO, Freundlich 217.4 HPLC Physisorption [69] 
AZM Diatomite N/A, Langmuir 68 (raw) 

91.7 (modified) 
UV-Vis H-bonding, diffusion [70] 

ERY MWCN PSO, N/A 12–125 UV-Vis Chemisorption [71] 
ERY Corchorus capsularis N/A, Langmuir 33.33 LC-MS/MS Hydrophobic effects, electrostatic, H-bonding, π-π EDA 

interaction 
[5] 

ERY MMIPs PSO, Langmuir 47 UV-Vis H-bonding, imprinted molecules recognition [72] 
ERY Micromotor PSO, N/A 80.0 UV-Vis imprinted molecules recognition [73] 
ERY Magnetic AC PSO; Freundlich 248.9 UV-Vis electrostatic attraction [74] 
ERY Banana peel graphene PSO, Langmuir 286 N/A N/A [31] 
ERY Graphene oxide Freundlich 90.00 HPLC N/A [75] 
ERY Cotton gin waste and guayule bagasse 

biochar 
PSO, Langmuir 17.12 HPLC–MS hydrophobic partitioning, H-bonding and π–π interactions [76] 

ERY Zeolite/Cellulose Acetate Fiber PSO, Freundlich 17.76 UV-Vis H-bonding and π–π interactions [77] 
CLR Cuttlefish bone powder PSO, Freundlich 34.5 UV-Vis electrostatic attraction [78] 
ERY; CLR; Organic waste feedstocks biochar PSO, Freundlich N/A UPLC-MS-MS surface complexation, H-bonding, π-π interactions, pore-filling [79] 
CLR Anthracite/sand biofilters PSO, Langmuir N/A HPLC Chemisorption [80] 
28 

antibiotics 
PAC PSO, Freundlich N/A LC-MS/MS N/A [81] 

Tylosin = TYL, Azithromycin = AZM, Erythromycin = ERY, Clarithromycin = CLR, PSO = Pseudo Second Order, AC = Activated Carbon, UV-Vis = Ultraviolet-visible spectroscopy, HPLC = High Pressure Liquid 
Chromatography, MS = Mass Spectroscopy, ESI = Electronspray Ionisation, MWCN = Multi-Walled Carbon Nanotube, MMIP = Magnetic Molecularly Imprinted Polymers, PAC = Powdered Activated Carbon 

L. Shearer et al.                                                                                                                                                                                                                                 
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concluded that above pH 3, the number of MF anions increased, causing 
electrostatic repulsion with the negatively charged adsorbent. However, 
this could also be true for MF being in a bi-protonated state below pH 3 
and in a mono protonated state between 3 and 12. 

Cusioli et al. [35] reported MF to be predominately neutral at pH 7. 
They determined that the mechanism for the adsorption of MF onto 
iron-functionalised seed-husks (MOM-Fe3O4) was not electrostatic, as 
adsorption was optimal at pH 7 where MF is neutral and MOM-Fe3O4 is 
negative. This seems unlikely as most researchers consider MF to be in 
its cationic form at pH 7 [51,59,89] and therefore, electrostatic attrac-
tions could have taken place between the positive MF and the negative 
adsorbent. 

In conclusion, MF appears to be in a bi-protonated state below pKa1 
2.97, in a monoprotonated state between its pKa values 2.97–11.61, and 
neutral above. Therefore, adsorption takes place when it is cationic, 
below 11.61, to negatively charged adsorbents. 

The pKa of AZM is 8.7 and Davoodi et al. [70] verified that 
adsorption of AZM onto raw diatomite increased at pH > 9 and was 
highest at pH 11. The highest adsorption capacity for modified diatomite 
also occurred at pH 11 (92 mg/g) and was greater than that of the raw 
material (35.4 mg/g). The increase was suggested to be due to saponin 
molecule modification (to the adsorbent), after which there were new 
hydroxyl groups, which could provide more adsorption sites for AZM. 
However, an increase in hydroxyl groups may also lead to an increase in 
H-bonding, which would increase adsorption capacity. Diatomite has a 
pHpzc around 2.5, ergo above pH 2.5 its surface is negatively charged. 
Therefore, electrostatic attraction could take place between pH 2.5–8.7, 
when diatomite and AZM are oppositely charged. The optimum pH of 11 

was thought to be due to an increase in the electrostatic attraction be-
tween the raw diatomite and AZM molecules. However, as pH 11 is 
above the pKa of AZM there could be other mechanisms relating to the 
increasing negative surface charge of the adsorbent, such as H-bonding 
taking place [70]. De Sousa et al. [64] suggested that under acidic pH 
conditions, electrostatic interactions and H-bonding take place on the 
negatively charged zeolite surface. As the AZM molecule is quite large 
(bigger than ERY), it was thought that adsorption mainly took place with 
the surface groups on the zeolite, i.e., AZM molecules would be sterically 
inhibited from the acidic sites in the zeolites inner channels. The opti-
mum pH for adsorption was 6.5, when AZM is protonated [64]. 

Trong et al. [90] found adsorption of ERY and TYL onto Corchorus 
capsularis powder, to increase with pH, between pH 4–7 and the 
decrease with the increasing alkaline conditions above pH 7. They state, 
“at neutral condition, antibiotic molecules exist in neutral forms, leading 
to their high adsorption capacities onto solid phase”. However, the 
adsorbent had a pHpzc of 5.7 and was predominantly positively charged 
below pH 5.7 and negative above. Therefore, below pH 5.7, there would 
be electrostatic repulsion between the positive antibiotics and the pos-
itive adsorbent while above 5.7 and below pKa of antibiotics TYL (7.7) 
and ERY (8.8) there would be electrostatic attraction between the 
negative adsorbent and the cationic antibiotic. The optimum pH of 7 and 
reduced adsorption above suggests that electrostatic attraction is one of 
the dominant mechanisms taking place. 

To the best of the authors knowledge, there was only one paper found 
for the adsorption of CLR (not in mixture with other PhCs). Wang et al. 
[91] used an AC fibre adsorbent with electrochemical assistance and 
showed that when pH < pKa CLR (8.99), the cationic species was 
dominant and attraction took place between the positively charged CLR 
and the negatively charged AC adsorbent. For more clarity, an overview 
of potential interaction-based mechanisms involved in removal of ion-
isable organic pharmaceuticals are shown in Fig. S1. 

2.5. Diffusion and interaction kinetics 

Mass transfer of an organic compound onto a non-living porous solid 
material during adsorption proceeds via the steps shown in Fig. 4. 

For organic contaminants, the rate controlling step is generally film 
diffusion and/or intraparticle diffusion (but this is influenced by organic 
compound structure and pore size, shape and distribution). The kinetic 
models used for describing the adsorption of MF and macrolides are 
presented in Table S2. The most commonly used are pseudo first order 
(PFO) and pseudo second order (PSO), while the Webber-Morris (W-M) 
and Boyd models are used to determine the diffusion nature. Adsorption 
on the surface can be monolayer and multilayer. The monolayer 
adsorption by Langmuir [92] is the simplest model. The Langmuir 
isotherm model was modified by Brunauer et al. [93] by proposing a 
multilayer adsorption model adding more layers of adsorbate molecules 
on the surface Fig. 4. 

In several reports PSO was determined to be the best-fit model for the 
adsorption of MF, i.e., adsorption was initially fast, but slowed towards 
equilibrium (Table 1). For the removal of MF using graphene oxide, 80 
% removal was achieved within 20 min (initial concentration 10 mg/L, 
dosage 0.15 g/L, at 30 ◦C), with continued slower adsorption until 
equilibrium at 160 min [34]. A similar result was recorded using iron 
nanoparticles, with maximum adsorption capacity achieved within 
20 min [49]. This relatively fast initial adsorption could be due to the 
vacant active sites on the adsorbent surface and absence of internal 
diffusion resistance within this time, indicating that rate was directly 
proportional to availability of active sites [52,58]. 

Authors who used the W-M or Boyd models to determine the rate 
controlling step and diffusion mechanism for the adsorption of MF 
include Toudeshki et al. [51]. In using the W-M model for the adsorption 
of MF onto MIP-MMWCNT, they concluded surface diffusion was the 
rate limiting step. Using both the W-M and Boyd models, Alnajjar et al. 
[16] concluded that the rate determining step for adsorption of MF onto 

Fig. 3. Charge of MF at varying pH, showing a monoprotonated ions under 
neutral conditions. 
Adapted from [88]. 
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silica alumina involved both film and intra-particle diffusion. Mean-
while, Huang et al. [9], used the inter-particle diffusion parameters (kPi) 
to observe that adsorption rate decreased in the final stages of adsorp-
tion of MF onto Alternanthera philoxeroides biochar, kP1 6.37 to kP3 0.32 
(µmol/g min1/2). This was suggested to be due to electrostatic repulsion, 
a lower MF concentration and smaller pores on biochar surface. 

Similar to MF, the PSO model was found to be the best model to 
describe the adsorption process for macrolides (Table 2). This was 
observed in the removal of ERY using MMIP [72], with MWCNT [71], 
using graphene from banana peel [31] and in the removal of AZM and 
TYL using zeolites [64] and metal organic framework composite [60]. 
Similar trends of fast initial surface adsorption followed by a slow 
diffusion into the pores were observed in the adsorption of RXM onto 
MWCNT [94] and the adsorption of CLR onto cuttlefish bone char [78]. 

Interparticle diffusion models such as the W-M and/or Boyd models 
were used to determine the dominant steps involved in diffusion. For the 
adsorption of ERY with carbonaceous adsorbents, both film and intra-
particle diffusion were found to be both the rate limiting steps [71,81]. 
For MWCNT, film diffusion appeared to be the dominant process [71]. 

The molecular structure of MF and macrolides also influences their 
interactions with the adsorbents and the rate of adsorption. MF is a small 
planar aliphatic molecule, whereas macrolides are large non-planar 
ringed compounds. The structure of MF allows for diffusion into larger 
pores over 8 Å (0.8 nm) and being planar there should be no steric 
hindrance in its approach for bonding. As macrolides are larger non- 
planar molecules, they are less likely to diffuse into adsorbents due to 
size and steric hindrance. Steric hindrance could also weaken other in-
teractions (such as H-bonding and π-π EDA interactions) by reducing the 
proximity of binding sites to each other [91,95]. 

Tables 1 and 2 showed several authors made general and erroneous 
conclusions based only on the correlation coefficient (R2) of the PSO 
model, i.e., stating that the adsorption process was chemisorption. The 
adsorption mechanism whether it is physi- or chemisorption, cannot be 
defined using only the best fit between the time-dependent data of an 
adsorption experiment. Therefore, the successful fitting of a kinetic 
model (i.e., PSO, PFO, etc.) alone does not validate any evidence about 
physi- or chemisorption [82]. For example, film and intraparticle 
diffusion, which can be described by the homogeneous surface diffusion 
model (HSDM), which results in almost identical adsorption rates with 
PSO model, without assuming any chemisorption mechanism [96]. This 

problem has been intensively discussed in recent literature [83]. 
Therefore, future research should be more robust and multi-disciplinary 
to determine the specific means of mass transfer and surface interactions 
more adequately. 

2.6. Instrumental characterisation and adsorption mechanisms 

A wide variety of different techniques can be used, such as: Brunauer 
-Emmett-Teller (BET) for surface area and pore diameter of the adsor-
bent; and scanning electron microscope (SEM); transmission electron 
microscopy (TEM) and X-ray diffraction (XRD) for the external and in-
ternal structures of the adsorbent; X-ray photoelectron spectroscopy 
(XPS) and Fourier transform infrared spectroscopy (FTIR) for detailed 
information about the functional groups present, and the bonding and 
interactions taking place. 

For the removal of MF with graphene oxide (GO), SEM and TEM 
showed that GO had an exfoliated crumpled curtain-like sheets in multi- 
layers surface [34,59]. Balasubramani et al. [59] noted that with TEM 
the pores were found to be between 4.18 and 6.56 nm. They also ana-
lysed the GO surface after adsorption, which showed that the large wide 
pores were now filled with MF molecules, therefore, pore-filling had 
taken place. BET analysis confirmed that GO had mesopores and a high 
specific surface area 108.7 m2/g to 187.2 m2/g. The reported pore 
diameter, > 2 nm was larger than the small MF molecule 
(0.76 ×0.44 nm) [58]. GO was characterised with FTIR before and after 
adsorption, peaks were observed for O− H (3453 cm− 1), C––O (1729 and 
1400 cm− 1), C––C (1624 cm− 1), C− O− C (1066 cm− 1) and C− H 
(1970 cm− 1). After adsorption, the C––C peak shifted, which could 
correspond to so-called π-π EDA interactions between MF and GO, and 
the C––O peak was absent after adsorption, an indication of H-bonding. 
There were also changes in the peaks for C− OH stretching of the hy-
droxyl groups surface [34,59]. 

Using BET analysis, Alternanthera philoxeroides biochar, was also 
found to have a large surface area of 178.4 m2/g, pore volume of 
0.13 cm3/g, and a large pore size of 5.95 nm, which demonstrated that 
diffusion of MF could take place [19]. Elemental analysis (CHN) and XPS 
were used to determine elemental composition and the functional 
groups present on the adsorbent surface. C− C, C− N, C− O, C––O and 
− COO were found to be present with a high oxygen content of 49.78 % 
and carbon content of 43.47 %. After MF adsorption there was a slight 

Fig. 4. Scheme of adsorption mass transfer (diffusion) process.  
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reduction in oxygen content, 20.34–19.36 %, and a nitrogen increase, 
4.45–5.07 %, thought to be due to MF adsorption and corresponds to 
− COO groups. This was confirmed with FTIR where there was a shift in 
peaks from 1434.8 to 1438.7 cm− 1 and from 782.9 to 779.1 cm− 1 after 
MF adsorption, suggesting − COO groups were involved in adsorption 
[9]. For the adsorption of MF onto MIPs-MMWCNT, FTIR analysis, found 
that before adsorption, the functional groups CH2, C––O, C− O and Fe− O 
were present and after adsorption MF peaks were observed, 1626 cm− 1 

and 1064 cm− 1 C––N C––N stretching. The intensity of the N − H and 
O− H peaks, 3175–3370 cm− 1, lowered due to the formation of H-bonds 
between MF and the adsorbent [51]. De Bhowmick et al. [53] and Huang 
et al. [9] used XPS analysis in their studies and observed a decrease in 
oxygen and nitrogen content after MET adsorption. A plausible expla-
nation was due to new bond formations between oxygen and 
nitrogen-containing functional groups, and MF. The mechanism for the 
adsorption of MF appears to follow H-bonding or electrostatic in-
teractions (when MF is cationic) due to the amine groups on the MF and 
the − C––O and − OH groups on the adsorbent. Diffusion of MF into the 
pores of the adsorbent can also occur as it is a small molecule ~0.8 nm 
(8 Å) (Fig. 5). 

There was very limited information on the characterisation of ad-
sorbents before and after adsorption with macrolides. Using MMIPs [72] 
and Corchorus capsularis powder [5] for the adsorption of ERY it was 
proposed that the possible mechanisms could be π-π EDA interactions, 
such as the cation π of the protonated amino group of ERY and π elec-
trons of the adsorbent, as well as H-bonding between ERY and the − O 
groups on the adsorbent. With MIP micromotors, FTIR showed that new 
bands appeared after adsorption including 1721 cm− 1 ERY and 
1152 cm− 1 C− O of the polymer [73]. Corchorus capsularis for ERY and 
TYL removal demonstrated electrostatic interactions between the 
cationic forms of antibiotics at pH 7, and the negative adsorbent. It was 
also suggested that hydrophobic, H-bonding and possibly π-π EDA in-
teractions took place between the rings on both the adsorbent and the 

antibiotics. FTIR showed appearances of − OH, − CHO and − CONH2 
after adsorption [5]. In the adsorption of AZM using diatomite, FTIR 
after adsorption showed that − OH stretching band peaks 
(3200 − 3700 cm− 1) became stronger and three new peaks appeared at 
2700–3000 cm− 1, indicating H-bonding [70]. In a recent study by 
Gholamiyan et al. [74], BET analysis was used before and after 
adsorption of ERY onto magnetised AC. Results showed a decrease in 
surface area (941.48–365.46 m2/g), a decrease in mean pore diameter 
(6.71–5.79 nm) and a decrease in pore volume (0.56–0.27 cm3/g) 
indicating that ERY diffusion had taken place resulting in occupation of 
adsorbent pores (and observation supported by SEM and TEM). For the 
macrolides it appears the most common adsorption mechanisms include 
π-π EDA interactions between the rings on the adsorbent and the lactam 
rings on the macrolide. H-bonding involving the − C––O, − OH and 
− NH2 groups present on the adsorbate and adsorbent, and electrostatic 
interactions between the negative surface of the adsorbent and the 
macrolide in its cationic state. Possible mechanisms for the adsorption of 
MF and macrolides can be seen below in Fig. 5. 

2.7. Equilibrium and thermodynamic studies 

To better understand the process equilibrium, isotherm and ther-
modynamic studies are required. The models and equations used to 
describe these relationships are presented in Table S2. Adsorption iso-
therms define the equilibrium relationship between the quantity of the 
adsorbed material and the pressure or concentration in the bulk fluid 
phase at constant temperature [97,98]. They not only give information 
on the adsorption capacity of the adsorbent, but also the interactions 
between the adsorbate and the adsorbent, such as whether the process is 
monolayer or multilayer [99–101]. Thermodynamic studies are an 
indispensable component of predicting adsorption mechanisms. The 
spontaneous nature or feasibility, exothermic or endothermic nature and 
the system entropy changes are evaluated using thermodynamic 

Fig. 5. Proposed adsorption mechanisms of CLR (as model macrolide) and MF (as model biguanide) irrespective of operation parameters (e.g., pH, temperature, etc.) 
on different kinds of adsorbents contained in this review. 
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parameters such as enthalpy ΔH, entropy changes ΔS and Gibbs free 
energy ΔG [85,99,102]. 

The Langmuir model was found to be the best fit for adsorption of MF 
onto iron functionalised seed husk [35], Zea mays tassel AC [19] and 
MIP-MMWCNT [51]. This was shown in a paper by Adel Niaei and 
Rostamizadeh [49], who applied Langmuir, Freundlich, Temkin and D-R 
models, the adsorption of MF onto iron zeolite (Fe-ZSM-5) was shown to 
fit the Langmuir model best. A high R2 value of 0.99 was achieved with 
an adsorption capacity of 14.99 mg/g. The calculated value for n = 4.97 
and free adsorption energy of the D-R model E = 3.53 kJ/mol [49]. 
However, for adsorption of MF onto graphene oxide [34] and Alter-
nanthera philoxeroides biochar [9], the results were best fitted by the 
Freundlich isotherm model. Zhu et al. [34] also reported that the 
Freundlich model showed favourable adsorption as the n values (4–6 at 
15, 30 and 45 ◦C) were between 1 and 10, a high adsorption capacity 
and affinity were determined with high KF values 40–50. This suggested 
that adsorption was on a heterogeneous surface without adsorption 
saturation, adsorbent materials such as biochar are known to have 
heterogenic surfaces [103]. 

Alnajjar et al. [16] used the three parameter Sip’s Model at pH 6 and 
9 for isotherm studies of MF onto silica-alumina composites. Non-linear 
fitting was evaluated by Chi-Square analysis (χ2), low χ2 values, < 2, and 
high R2 values, > 0.98 were recorded. pH 9 gave a higher adsorption 
capacity compared to pH 6 (46 and 32 mg/g, respectively). Sip’s model 
was used as it was thought to give a better prediction of the heteroge-
neous adsorption systems and reduce limitations of high adsorbent 
concentration associated with using the Langmuir and Freundlich iso-
therms [16]. 

For the removal of macrolides many of the isotherm studies showed 
the Langmuir model to best fit adsorption data [5,72,78]. This was also 
shown in a study for the adsorption of ERY onto banana peel derived 
graphene by Bahmei et al. [31]. When isotherm data was fitted to the 
Langmuir, Freundlich and Sip’s models, the highest R2 value, 0.99, and 
adsorption capacity, 286 mg/g, were observed with the Langmuir 
model. The data was fitted to the Langmuir, Freundlich, Temkin and D-R 
models, with Langmuir being the model of best fit in Davoodi et al. [70] 
study. This suggested a homogeneous monolayer adsorption process 
with a limited number of active sites and no movement of AZM on the 
adsorbent surface. However, Trong et al. [90], using Corchorus capsularis 
adsorbent for the removal of ERY and TYL thought adsorption to follow 
both the Langmuir and Freundlich models with the former returning the 
highest R2 values of 0.97 and 0.96, compared to 0.95 and 0.89 with 
Freundlich, ERY and TYL respectively. 

Many of the included studies [49,50,62,68,69,76,104] used a linear 
regression method to calculate the model parameters for kinetic and 
isotherm experiments. Indeed, many recent studies have demonstrated 
[84,105–107] that non-linear regression is more suitable to calculate 
parameters of the adsorption models compared to the linear regression. 
Simplified transformations from non-linear to linear equations utterly 
change their error structure and may also violate the error variance 
[108]. Moreover, it is also well known that different linearisation 
equations can result in different model parameters [106]. These 
misleading any further assumptions about the adsorption process. 

The thermodynamic study for iron functionalised adsorbents, 
showed that the adsorption of MF was feasible, spontaneous, exothermic 
and random interaction at the interface. With iron seed husks, ΔG was 
− 60.6 kJ/mol, ΔH was also negative and ΔS had a low positive value 
(0.26 kJ/mol) [35]. MF adsorption onto plant-based biochar/AC, ΔG 
was slightly negative, therefore adsorption was a spontaneous and 
feasible process. With Alternanthera philoxeroides biochar, as tempera-
ture increased there was a decrease in ΔG (− 2.4 to − 3.1 kJ/mol), 
possibly due less occupation of high energy adsorption sites [9]. A 
similar trend was observed using Zea mays tassel AC, ΔG − 5.79 kJ/mol 
[19]. Adsorption onto both materials was also endothermic, had a de-
gree of randomness and was possibly a physisorption process as low 
energy, ΔH < 40 kJ/mol. For Zea mays tassel AC, ΔH and ΔS, 3.10 and 

0.03 kJ/mol, respectively and for Alternanthera philoxeroides biochar, 
ΔH 7.63 kJ/mol [9,19]. However, for MIP-MMWCNT, although the 
adsorption was also spontaneous and feasible, it was endothermic and 
had a standard enthalpy ΔH 43.67 kJ/mol [51]. 

There is limited literature on the thermodynamics of MF adsorption, 
however, reports include adsorption onto carbonaceous adsorbents and 
is a spontaneous and endothermic process. Using natural adsorbents 
such as the Alternanthera philoxeroides biochar and the Zea mays tassel 
AC, due to low energy adsorption, the process was thought to be van der 
Waals forces (in the range 0.4–4 kJ/mol), H-bonds (in the range 
4–17 kJ/mol), π-π EDA interactions (range between 4 and 167 kJ/mol) 
[85] etc. Whereas adsorption onto the carbon nanomaterial, 
MIP-MMWCNT, was with higher energy. 

Literature was also limited on the thermodynamics in the adsorption 
of macrolides. Mostafapour et al. [71] reported that for the adsorption of 
ERY onto MWCNT that adsorption capacity increased with temperature 
and negative ΔG values at all temperatures (from − 4.5 to − 13.1 kJ/mol) 
indicated that the process was spontaneous and feasible. Positive ΔH 
(76.25 kJ/mol) and ΔS (0.28 kJ/mol) indicate adsorption to be endo-
thermic. As there is a lack of information for the thermodynamics in the 
adsorption of macrolides it is hard to ascertain the thermodynamics of 
the adsorption process without a comparison. Melliti et al. [62] showed 
negative values of ΔG, which implied that the adsorption process of TYL 
was spontaneous and feasible onto AC. ΔH had positive value which 
implied that the interaction between TYL and adsorbent was an endo-
thermic reaction. 

Even with the limited availability of thermodynamic studies in 
literature for MF and macrolides, some authors inappropriately used the 
term “adsorption-reaction” throughout the analysis (chemical reaction 
= reactants forming new compound). Most of the adsorption process is 
physical adsorption and not chemisorption. Chemisorption would occur 
when the adsorption enthalpy changes are ≥ 200 kJ/mol. Some authors 
identify H-bonding, π-π EDA interactions, n-π EDA interactions, and 
electrostatic attraction as chemisorption. However, the energies for 
those interactions are < 80 kJ/mol, therefore, the term “adsorption re-
action” should not be used for these interaction [85,109]. Another 
problem identified in literature related to the application of the different 
isotherm constants (e.g., problems with the unit of these constants), 
which leads to the errors in the magnitude and sign of the thermody-
namic parameters during the calculation [110–112]. 

2.8. Response surface methodology (RSM) for process optimisation 

Response Surface Methodology (RSM) is a combination of statistical 
methods and modelling to optimise variables while save time, cost, 
reduce the number of runs performed and minimise errors [51,59,113]. 

Three papers were found to use RSM for the adsorption of MF. 
Balasubramani et al. [59] used a Box Behnken Design (BBD) for MF 
adsorption onto graphene oxide (GO), to determine the optimum pH, 
temperature, adsorbent dose and MF initial concentration. Increasing 
GO dosage had an actual positive effect on adsorption capacity, whereas 
the other parameters caused a slight decrease in adsorption capacity i.e., 
reducing pH from 7 to 2 or the contact time from 240 min to 5 min. A 
higher dosage increased the number of active sites for adsorption, 
whereas an increase in concentration led to a reduction in adsorption 
capacity due to the limited number of active sites. The optimum con-
ditions were found to be pH 6.26, temperature 20.53 ◦C, adsorbent dose 
0.5 g/L and initial concentration 126.02 mg/L. 

The other papers used a Central Composite Design (CCD) to deter-
mine the optimum conditions for MF extraction in biological fluids. This 
included adsorption onto a molecularly imprinted polymer magnetic 
multi-walled carbon nanotube (MIP-MMWCNT). The optimum pH was 
10, as above this there was a reduction in adsorption, possibly due to 
electrostatic repulsion. Mass transfer was fast, with an optimum 
extraction time of 10 min and desorption time of 2 min, this was due to 
an ultra-sound assisted process [51]. CCD was also used to study MF 
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adsorption onto Zea mays tassel AC, the optimum conditions being pH 
9.5, contact time 67.5 min, AC mass 0.575 g and MF concentration 
152.5 mg/L. It was found that adsorption decreased with increasing pH, 
but that the effect was minimal, while increased contact time between 
the adsorbent-adsorbate increased adsorption (potentially included that 
the kinetic study had not been taken to the point of equilibrium). 
However, an increase in dosage with an increase in time or MF con-
centration, showed a decrease in adsorption, possibly due to an overlap 
of active sites and lack of saturation [19]. 

For the removal of a macrolides, only two papers were found to have 
used RSM. CCD design was used for the removal of ERY with magnetised 
AC with optimum conditions (temperature 35 ◦C, concentration 65 mg/ 
L, dose 1.55 g/L and time 1.27 h) [74]. Gholamian et al. [66] also 
optimised AZM removal efficiency by CCD onto mesoporous silica 
SBA-15. 

As adsorption is affected by several process variables, it is impossible 
to run a full ‘one-at-a-time’ optimisation for all those factors. The major 
advantage of using RSM is that it identifies the significant variables for 
the process in a single action and reduces the number of experiments 
needed for optimisation. Also, as there is limited use of RSM for MF and 
macrolides, this is an area which should be explored further in the field 
of chemical engineering for improving adsorption efficiency (%) and 
capacity (mg/g). 

3. Future perspectives 

For future studies, a deeper understanding of the mechanisms 
involved in adsorption needs to be included this can be achieved by 
more in-depth studies such as: 

Dynamic studies, which use a continuous flow through adsorbent 
packed columns are thought to provide greater insight into the effec-
tiveness of adsorbents commercially as packed beds are widely used in 
industrial wastewater treatments [114]. Therefore, as well as having 
batch studies, dynamic studies are also needed to give more in depth 
understanding about how novel adsorbents cope with a continuous flow 
of contaminants at environmentally relevant concentrations (e.g., ng/L 
to low mg/L) in multi-component, competitive matrices. They can also 
be used to provide insights into how the adsorbent will perform in real 
wastewater treatment plant scenarios. In the literature reviewed only 
one paper for MF [115] and one paper for macrolides [116], were found 
to include a dynamic study. Therefore, there is a large gap in knowledge 
in this area. 

When reviewing the characterisation of adsorbents in literature, few 
researchers included the characterisation of the adsorbent before and 
after adsorption, which is required to determine mechanisms involved in 
adsorption. Also, many papers included techniques such as BET, FTIR 
and SEM, however, many did not use further techniques such as XPS, 
EDS, XRD, Raman etc. Through using a wider variety of instrumentation, 
it is easier to be more certain of the mechanisms involved. Additionally, 
more robust characterisation of the raw material is needed, particularly 
that of biological origin which is inherently variable. 

More insightful explanations of conclusions from kinetic, equilib-
rium and thermodynamic studies with statistical confidence by 
including relevant qualifiers (e.g., standard deviations in tables, error 
bars in figures). Many of the reviewed papers did not include detailed 
information of how they came to their conclusions and their interpre-
tation of results. For kinetic, equilibrium and thermodynamic studies it 
is important to discuss the models you included and to fit data to more 
than a few models. Such as discussing in detail what models were used 
not only for interaction kinetics but also diffusion. Explaining the 
adsorption nature, by including activation energy, non-linear modelling, 
etc. 

There also needs to be more research and information on the prac-
tical implementation of these materials in real-life wastewater treat-
ment. To determine any differences in adsorption capacities, to display 
the adsorbents viability in the commercial market and what happens to 

the adsorbent when it is spent. This could be achieved by: 
Economic and environmental analysis: A life cycle analysis (LCA) or a 

technoeconomic analysis (TEA) of the processes, would also be highly 
beneficial for companies to consider using these novel materials in their 
treatment plants. The analysis would break down the stepwise cost of 
the production of the adsorbent or of its application and could be used to 
compare these novel adsorbents with those which are commercially 
available and determine market viability. A carbon impact or environ-
mental study could then be carried out to compare the ‘greenness’ of the 
novel adsorbent to others or its effectiveness in the removal of envi-
ronmental contaminants. Regeneration is also an essential criterion 
when benchmarking adsorbents for multi-cycle operations in water 
treatment. 

Scale-up studies: It is important to understand how effective the novel 
adsorbent will be in a commercial WWTP. One way this could be tried 
and tested is to scale-up laboratory and batch studies, to dynamic studies 
in a pilot-plant or small treatment plant, with real environmental 
matrices. One of the major barriers to innovation is the lack of oppor-
tunity for researchers and water companies to demonstrate new prod-
ucts at scale. UK first, operated by Scottish Water Horizons ‘Water and 
Wastewater Development Centre’ is a good example where lab based 
solutions could speed up innovation delivery, operational-scale envi-
ronments, providing an investor-ready pipeline of new processes and 
products. Successful collaboration between industry, academia and the 
public sector is the key to move from lab- to larger-scale. 

Disposal: Another aspect often forgotten, or not included, in studies is 
what happens to the spent adsorbent after it has been used. It is 
important that the adsorbent will not cause subsequent contamination of 
the environment. It is helpful if an adsorbent may be regenerated and 
used for several cycles before disposal, however when it is no longer fit 
for purpose what happens to the adsorbent is an important consideration 
(e.g., landfill, incineration, alternate use). Regeneration media and 
conditions should facilitate either reuse of recovered adsorbates (for 
valuables) or destruction to harmless products (for trace contaminants) 
[117]. 

4. Conclusions 

This review covered the adsorption of priority compounds, MF 
(biguanide) and macrolides, from aqueous solutions by a wide range of 
adsorbents. RSM was an efficient optimisation tool, but presently is 
underused in the literature. pH of solution is one of the most influential 
factors governing adsorption mechanisms, so it is critical to understand 
the dominant species of the compound at any given pH. The PSO model 
was found to best describe the interaction kinetics for the adsorption of 
these compounds with various adsorbents, however few papers 
considered details for the diffusion kinetics. For isotherms, the Langmuir 
and Freundlich models were predominantly used, with adsorption ca-
pacities ranging between 0.34 and 278 mg/g for MF and 7.56–340 mg/g 
for macrolides. From the literature the proposed mechanisms for MF 
include H-bonding, electrostatic and so-called π-π EDA interactions, for 
macrolides they are H-bonding, electrostatic and π-π EDA interactions. 
However, thermodynamic consideration are often absent or insufficient 
(especially for macrolides) and it is hard to determine a trend or 
determine possible mechanisms of adsorption as a consequence. Similar 
material characterisation studies conducted before and after adsorption 
which would also help understanding of these mechanisms are also often 
absent. 

In summary, the adsorption of these priority compounds is limited 
and often incomplete as further detailed analysis such as characterisa-
tion before and after adsorption is needed to determine the actual 
mechanisms taking place. There is large gap in knowledge on the 
removal of these compounds using these novel adsorbents in commer-
cial WWTPs and on their effectiveness in real-wastewater, production 
cost, environmental impact or their disposal after use. Therefore, 
following this review, future studies should consider these aspects to 
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give a more complete picture of their adsorbent as an adsorbent for these 
compounds. 
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