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Abstract

Use of MMC for Treatment of Pharmaceutical
Residues in Wastewater

Laura Calmanovici Pacoste

Environmentally hazardous pharmaceutical residues in wastewater 
cannot successfully be removed by standard treatment procedures used 
in Swedish wastewater plants. There is a need for cheap, efficient 
techniques for removing pharmaceutical residues from wastewater.
 
Mesoporous magnesium carbonate (MMC) and modified MMC was 
investigated for the application of adsorbing pharmaceuticals from 
wastewater. The removal of venlafaxine hydrochloride (VEN), 
sulfamethoxazole (SMX), carbamazepine (CBZ) and diclofenac sodium 
salt (DFC) was investigated. Studies were performed through small 
batch studies, where concentrations before and after shaking with 
material were analysed using UV-vis spectroscopy. Comparative 
studies were performed with activated carbon. Larger batch studies 
were also performed and the solid precipitate after adsorption was 
characterised to investigate surface interactions. 

Small batch studies showed that MMC was only efficient in removing 
pharmaceuticals at higher concentrations (> 200 mg L-1). Only the 
poorly water soluble pharmaceuticals, CBZ and SMX, were adsorbed at 
lower concentrations. The adsorption capacity at lower 
concentrations could be increased by modifying the MMC with a 
hydrophobic modifying agent. However, the adsorption capacity was 
manifold higher for activated carbon. Stability studies indicated 
that the material was not stable in water. XRD confirmed tendencies 
to crystallise and SEM confirmed changes in the surface morphology. 
This affected the porosity of the material, indicated by the 
significant decrease in specific surface area. The material needs 
further improvements in terms of water stability and surface 
chemistry before it could be useful for the application of adsorbing 
pharmaceuticals from wastewater. 
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Populärvetenskaplig sammanfattning  

Läkemedel som når vattendragen uppmärksammas allt mer som ett problem både i Sverige och 

globalt. Många läkemedel som förbrukas idag passerar kroppen i oförändrad form och når så 

småningom vattenreningsverken. Majoriteten av svenska vattenreningsverk saknar lämpliga 

tekniker för att filtrera läkemedelsresterna, som slutligen når de naturliga vattendragen genom 

det utgående vattnet från reningsverken. I vattendragen ansamlas läkemedlen i sådana halter att 

de skadar omgivande växt och djurliv.  

De traditionella vattenreningsmetoderna som används i svenska avloppsreningsverk är inte 

tillräckligt effektiva för att avlägsna många av de läkemedel som färdas med avloppsvattnet. I 

dagsläget är enbart ett fåtal vattenreningsverk utrustade med tillräckligt avancerade tekniker för 

att rengöra vattnet från läkemedel. Samtidigt medför de avancerade reningsmetoder som finns 

antingen dyra driftkostnader eller brister i effektivitet. Det finns i dagsläget ett behov av att hitta 

billiga och effektiva reningsmetoder för rening av läkemedelsrester i avloppsvatten.  

En vanlig teknik för att rena läkemedel ur vatten i dagsläget är adsorption, vanligtvis med aktiva 

kol (AC) filter. Adsorption innebär att molekylerna fastnar på ytan av materialet. Denna studie 

undersöktes möjligheten att adsorbera läkemedel med mesoporöst magnesiumkarbonat 

(MMC). MMC upptäcktes för första gången 2013 på Uppsala universitet och är ett högporöst 

material med porer av storlek på 5 nm. Den höga porositeten ger upphov till materialets mycket 

höga ytarea på ⁓800 m2 g-1. Det är denna höga ytarea som gör materialet till en intressant 

kandidat för adsorption av läkemedel från vatten, då en hög ytarea ger möjlighet till fler 

läkemedelsmolekyler att fastna på ytan. Det går även att modifiera MMC med organiska 

molekyler för att öka stabiliteten i vatten och förbättra adsorptionsförmågan.  

I denna studie undersöktes möjligheten att använda MMC och två modifierade typer av MMC, 

för att adsorbera läkemedel ur vatten. Testerna gjordes på två olika sätt. De första studierna 

utgjordes av skaktest, där lösningar med utvalda läkemedel fick skaka med materialet. De 

utvalda läkemedelena var venlafaxin (antidepressiv), sulfametoxazol (antibiotika), 

karbamazepin (antiepileptisk) och diklofenak (anti-inflammatorisk). Koncentrationerna av 

varje läkemedelslösning analyserades sedan med hjälp av UV-vis spektroskopi. Jämförande 

studier gjordes med AC. Den andra studien utfördes i större mängder i ”batcher”, där materialet 

tillsattes till olika läkemedelslösningar under omrörning med magnetomrörare. Efter omrörning 

analyserades materialet med termogravimetrisk analys, infraröd-spektroskopi och 

röntgendiffraktion. Materialet analyserades även efter omrörning i blanka vattenlösningar, för 

att undersöka stabiliteten i vatten. Ytan på materialet, efter omrörning i blank vattenlösning, 

undersöktes även med svepelektronmikroskop. Samma studier utfördes även i lösningar av 

etanol, för att kunna dra slutsatser om hur lösningsmedlet påverkade reaktionen på ytan av 

materialet.  

Resultaten visade att materialet enbart adsorberade läkemedel effektivt vid höga 

koncentrationer av läkemedel (>200 mg L-1). Detta är ett problem eftersom läkemedel oftast 

finns i mycket låga koncentrationer i vattenreningsverken (ng L-1). Endast de mindre 

vattenlösliga läkemedlen, karbamazepin och sulfametoxazole, adsorberades även vid lägre 

koncentrationer. Det visade sig att absorptionsförmågan kunde förbättras om MMC 

modifierades med hydrofila organiska molekyler. Dock var adsorptionen av samtliga läkemedel 

på AC mångfaldigt högre än för MMC och modifierad MMC. Resultaten visade även att MMC 

inte är stabilt i vatten. Efter en tid i vattnet tappade materialet sin porositet och fick en lägre 

specifik ytarea. Ytterligare förbättringar gällande stabilitet måste göras innan MMC och 

modifierade MMC kan fungera som ett filter för adsorption av läkemedel ur vatten.  



iv 
 

List of Contents 
1 Introduction .................................................................................................................................. 1 

1.1 Background ............................................................................................................................. 2 

1.1.1 Pharmaceuticals of Interest............................................................................................ 2 

1.1.2 Mesoporous Carbonate Material ................................................................................... 3 

1.1.3 Pharmaceutical Adsorption with Activated Carbon ...................................................... 4 

1.2 Aim of Thesis ........................................................................................................................... 5 

2 Theory ............................................................................................................................................ 6 

2.1 Adsorption Theory .................................................................................................................. 6 

2.1.1 Equilibrium Adsorption Capacity ................................................................................... 6 

2.1.2 Langmuir and BET Isotherms .......................................................................................... 7 

2.2 Scanning Electron Microscopy................................................................................................ 8 

2.3 Thermogravimetric Analysis ................................................................................................... 9 

2.4 X-ray Powder Diffraction ........................................................................................................ 9 

2.5 Surface Area and Porosimetry Analysis ............................................................................... 10 

2.6 Infrared Spectroscopy ........................................................................................................... 10 

2.7 Ultraviolet-visible Spectroscopy .......................................................................................... 11 

3 Experimental .............................................................................................................................. 12 

3.1 Materials ............................................................................................................................... 12 

3.2 Synthesis of MMC and modified MMC ................................................................................ 12 

3.2.1 MMC .............................................................................................................................. 12 

3.2.2 Modified MMC .............................................................................................................. 12 

3.3 Adsorption Studies ............................................................................................................... 13 

3.3.1 Small Batch Studies ....................................................................................................... 13 

3.3.2 Large Batch Studies ....................................................................................................... 13 

3.4 Material Characterisation ..................................................................................................... 14 

3.4.1 Scanning Electron Microscopy ...................................................................................... 14 

3.4.2 Thermogravimetric Analysis ......................................................................................... 14 

3.4.3 X-ray Powder Diffraction .............................................................................................. 14 

3.4.4 Specific Surface Area and Porosimetry Analysis .......................................................... 14 

3.4.5 Infrared Spectroscopy ................................................................................................... 15 

4 Results and Discussion .......................................................................................................... 16 

4.1 Material Characterisation ..................................................................................................... 16 

4.1.1 Surface Area and Porosimetry Analysis ....................................................................... 16 

4.1.2 IR spectroscopy ............................................................................................................. 18 



v 
 

4.1.3 Crystallinity Studies ...................................................................................................... 20 

4.1.4 Surface Morphology ..................................................................................................... 21 

4.1.5 Thermogravimetric Analysis ......................................................................................... 24 

4.2 Adsorption Studies ............................................................................................................... 25 

4.2.1 Small Batch Studies ....................................................................................................... 25 

4.2.2 Large Batch Studies ....................................................................................................... 28 

5 Conclusions ............................................................................................................................... 34 

6 Acknowledgements ................................................................................................................. 35 

7 References ................................................................................................................................. 36 

Appendix A ......................................................................................................................................... 41 

Appendix B ......................................................................................................................................... 45 

Appendix C ......................................................................................................................................... 47 

 

 

  



vi 
 

Abbreviations  
 

 

CBZ – Carbamazepine  

VEN – Venlafaxine hydrochloride  

SMX – Sulfamethoxazole 

DFC – Diclofenac sodium salt 

MMC – Mesoporous magnesium carbonate  

APTES – (3-aminopropyl)triethoxysilane  

aMMC – APTES modified MMC  

TEPS – triethoxyphenylsilane  

tMMC – TEPS modified MMC 

ATTs – Advanced treatment techniques  

WWTPs – Wastewater treatment plants  

STPs – Standard treatment procedures  

AC – Activated carbon  

GAC – Granulated activated carbon  

PAC – Powdered activated carbon 

IBU – Ibuprofen  

ITZ – Itraconazole 
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1 Introduction 
 

In recent years, attention has been brought to the presence of pharmaceuticals in the aquatic 

environment. Through the effluent of wastewater treatment plans (WWTPs) the 

pharmaceuticals are released into the natural water streams. [1–3]  Globally, pharmaceuticals 

has been detected in effluent wastewater [1,4], surface- and ground water [3,5]  and even 

drinking water [6,7]. The negative impact on the flora and wildlife has already been reported 

for a number of substances including antidepressants [3], anti-inflammatory drugs [8] and 

endocrine disrupting substances [9]. As these substances impose a risk of causing irreversible 

damage to the ecosystem, there is a need to find effective, eco-friendly and cost-efficient 

technology for reducing the pharmaceutical concentrations in effluent wastewater.  

Through industrial emissions, hospital wastewater and domestic use, the pharmaceutics travel 

through the sewage systems where they eventually reach the wastewater treatment plants. 

Standard treatment procedures (STPs) used in WWTP are typically sedimentation, biological 

treatment, flocculation, and filtering through sand filters. This is enough for some drugs to be 

efficiently reduced (below the detection limit), however many pharmacological substances can 

still be detected in the effluent water. [1,2] Today, only a few WWTPs are equipped with the 

advanced treatment techniques (ATTs) necessary for reducing the amounts of pharmaceuticals 

to undetectable levels. Pilot- and full-scale implementations of ATTs are mainly found in 

European countries where the legislation has been restricted (e.g. Switzerland) or where the 

government has funded different projects (e.g. Denmark and Germany). [10–12] Also in 

Sweden, some WWTP has introduced ATTs specifically for reducing pharmaceutical. These 

are mainly ozonation and adsorption through granular activated carbon (GAC) filters. [13–16] 

Ozonation has proven to be efficient in the overall reduction of the pharmaceuticals (>90%). 

However, it falls short in some specific pharmaceuticals (e.g. oxazepam and sertraline) where 

the individual reductions has been lower than the overall reduction values. GAC filters has been 

shown to be even more efficient than ozone for all investigated pharmaceuticals. However, it 

brings higher operational costs to the WWTP, and is more difficult to handle and manage. [2,17] 

This may cause concerns for urban WWTP with more restricted economy.  

There is a global demand for efficient, cheap and easily manageable techniques for reducing 

the amount of pharmaceuticals in the influent waters of the WWTP. For instance by 

implementing new filter materials with improved adsorption capacity, which will reduce 

material and maintenance costs. Substantial progresses has been made in the development of 

different types of highly porous materials with very large specific surface area. Some examples 

include amorphous calcium carbonate (ACC) and mesoporous magnesium carbonate (MMC).  

MMC in particular, has the highest specific surface area measured for an alkali metal carbonate, 

⁓800 m2 g-1. [18–20] The high porosity and specific surface area of these materials makes them 

promising candidates as adsorption materials for water treatment. With the advantage of 

containing carbonate surface groups that could provide more favourable interactions to the 

pharmaceuticals, resulting in higher adsorption capacity. 

This thesis presents the adsorptive capacities of MMC and modified MMC, for the removal of 

four selected pharmaceutics from water. The selected pharmaceutics were diclofenac (DFC), 

carbamazepine (CBZ), sulfamethoxazole (SMX) and venlafaxine (VEN). This is a first study 

towards the application of MMC and modified MMC as adsorption materials for the purpose 

of removing pharmaceuticals from wastewater. 
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1.1 Background 
 

1.1.1 Pharmaceuticals of Interest   

 
In 2015, the Swedish Environmental Research Institute released a list of prioritized substances 

that WWTPs and authorities should focus on in terms of reducing pharmaceutical pollution in 

wastewater. Included in this list, amongst several other pharmaceutics, were: VEN 

(antidepressant), SMX (antibiotic), CBZ (antiepileptic) and DFC (anti-inflammatory). [2] 

These substances has repeatedly been detected in concentrations way above the detection limits 

in wastewaters and other waters, e.g. ground and surface waters. Recorded concentrations of 

venlafaxine are the highest of all antidepressants in Swedish WWTPs. [2,5,21] Furthermore, 

these are often referred to when monitoring the removal efficiency at municipal WWTPs where 

more advanced removal techniques have been implemented. [14,16,22,23] Thus, the selected 

drugs are probable to serve as a good primary indicator for the removal efficacy of 

pharmaceuticals from wastewater using MMC.  

The substances differ in chemical properties and has shown varying absorptivity to activated 

carbon, which can be explained by the difference in hydrophobicity (i.e. log Kow value). Table 

1.1 summarises the chemical properties of interest for the selected pharmaceutics, together with 

mean detected concentrations in effluent wastewater (in Swedish WWTPs) and removal 

efficiency using standard treatment procedures.  

 

Table 1.1.  Pharmaceuticals of interest for this study with selected chemical properties, mean concentration found in Swedish 

WWTPs effluent waters and removal efficiency in Swedish WWTPs using standard treatment procedures. 

Pharmaceutical Structure pKa 
Log 
Kow 

Water 
Solubility 
(mg L-1 ) 

Mean 
Conc. 

(ng L-1 ) 

WWTPs 
Removal 

Efficiency 
(%) 

References 

VEN 
 
 

 

 

8.91  2  > 10 000  416.9  < 20  [2,24,25] 

SMX 

 

 

pKa1 = 
1.85  
pKa2 = 
5.60  

0.89  
438  

(25 ℃)  
275 20 – 80 [16,22,26–28] 

CBZ 

 

 

2.3 2.45  
190  

(25 ℃)   
389.7 < 20  [2,26,29,30] 

DFC 

 

 

4.15 4.5  
50 000 

(20 ℃)  
251 < 20  [2,31–34] 
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1.1.2 Mesoporous Carbonate Material  
 

MMC was first presented 2013. [20] It is relatively cheap to produce, non-cytotoxic and 

biocompatible. [35] A mesoporous material is a material that contains pores within the 

mesoporous range (2-50 nm). [36]  The mesoporous structure of MMC can be attributed to the 

aggregation of amorphous MgCO3 nanoparticles and MgO nanocrystals with an amorphous 

MgCO3 coating. The spaces between these particle aggregations give rise to pores with nano-

scale diameters (2-5 nm). [19] The material has primarily been investigated for the application 

as a drug-carrier for pharmaceutics with very low water solubility, in order to facilitate the 

uptake from the gut into the blood circulation. [19,37,38] Though, it has also been investigated 

for the purpose of dye-adsorption and heavy-metal removal from water samples. [39] As a drug 

carrier, the material has shown loading capacities of 60 wt% (itraconazole, ITZ) and 30 wt% 

(ibuprophen, IBU), when loading using organic solvents. These percentages represents the 

loading at which those poorly soluble drugs remain amorphous in the pores (i.e. were stabilized 

inside of the pores). [19,37,38] Thus, it does not represent the maximum loading capacity but 

rather gives an indication of the ability to adsorb drug into the pores. These results indicates 

that the MMC material has affinity towards pharmaceutics such as ITZ and IBU.   

The MMC material can also be modified through surface coating using (3-

aminopropyl)triethoxysilane (APTES). This coating enhances the stability of the material in 

aqueous media, as it serves as a barrier for the crystallisation of amorphous MgCO3 to 

crystalline MgCO3. This would reduce the porosity of the material due to the increased particle 

size. The APTES-modified MMC (aMMC) could also have the advantage of improved 

interaction between the material surface and the organic pharmaceutical molecules, due to the 

presence of amine groups on the surface. Previous studies investigating aMMC for drug-

carrying reported a loading capacity of 20 wt% for IBU on aMMC, loaded in ethanol (EtOH). 

[40]  

Surface modifications of MMC has also been done using triethoxyphenylsilane (TEPS), 

resulting in a more hydrophobic surface. TEPS-modified MMC (tMMC) was loaded with 

ibuprofen through soaking in EtOH solution, resulting in a drug loading percentage of 17 wt%. 

[41] The aromatic group of the TEPS could give favourable surface interaction with the more 

hydrophobic pharmaceuticals in terms of adsorption from aqueous solution. The molecular 

structures of the surface modifiers APTES and TEPS are shown in Figure 1.1. 

 

 

 

 

Figure 1.1. Molecular structure of modifying agents APTES (left) and TEPS (right). 
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1.1.3  Pharmaceutical Adsorption with Activated Carbon  
 

Activated carbon (AC) is the main material used in WWTPs for adsorption of pharmaceutical 

residues in wastewater. [2,11,13,42] It can either be added to the wastewater in powdered form 

(PAC) or used as a filter material in granulated form (GAC). It is also highly porous, with a 

specific surface area typically ranging between 500 – 1500 m2 g-1, although higher values have 

also been reported. [42]  A new filter material for pharmaceutic removal has to show a beneficial 

adsorption capacity over AC if it is to replace the material on the market. The adsorptive 

capacities of AC in different forms has been widely investigated and can be modelled using the 

Langmuir isotherm model (which is further describe in the “Theory” chapter). Through the 

Langmuir model, a maximum adsorption capacity (qm) can be extrapolated. Table 1.2 shows a 

summary of reported qm-values for the pharmaceuticals of interest (VEN, SMX, CBZ, DFC) on 

AC. The reported maximum adsorption capacity varies depending on the pharmaceutical 

adsorbed and experimental design (equilibration time, pH etc.). However, the typical qm for AC 

falls within the range 30 – 400 mg g-1, for the selected drugs.     

 

Table 1.2. Reported maximum adsorption capacity (qm) obtained through Langmuir model, for the pharmaceuticals of 

interest on activated carbon, including concentration range and conditions of the experiment.  

Pharmaceutical 
qm AC  
(mg g-1) 

Conc 
Range 
 (mg L-1) 

Conditions References 

 
VEN 

 

42.5 ± 0.9 5 pH = 7, 25 ℃, 4 h, 0.02-0.12 g L-1 AC [43] 

 
 

SMX 
 
 
 

93.5 
417  
118 ± 5 
 

0.5 – 40  
50 – 500 
5 

pH = 6, 20 ℃, 48 h, 10 mg AC 

             27-29 ℃, 120 h, 0.5 g/L AC 

pH = 7, 25 ℃, 4 h, 0.02-0.12 g L-1 AC  

[28] 
[44] 
[43] 

 
CBZ 

 
 

116 ± 3 
 

5 pH = 7, 25 ℃, 4 h, 0.02-0.12 g L-1 AC [43] 

 
DFC 

 
 

154.0 
329.0 
36.23 

0 – 427  
NA* 
10 – 150 

pH = 6.5  ± 0.2, 25 ℃, 24 h, 0.5 g L-1 AC 

pH = 7.8  ± 0.2, 30 ℃, 14 days 

pH = 5.5, 25 ℃, 24 h, 10 g L-1 AC  

[45] 
[46] 
[33] 
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1.2 Aim of Thesis  
 

The aim of this thesis is to evaluate the adsorptive properties of MMC, aMMC and tMMC on 

pharmaceuticals in water, as they could serve as filters for reducing the abundance of 

environmental pollutions.   

To investigate these properties, adsorption studies will be performed by adding the materials to 

deionised H2O spiked with each pharmaceutical. The pharmaceutical concentrations in the 

spiked water will be investigated through ultraviolet (UV)-vis spectroscopy and the adsorption 

isotherm will be investigated. To further investigate surface interactions, corresponding studies 

will be performed in EtOH for VEN and DFC. To study the stability of the material under these 

conditions, the materials will be characterised through x-ray diffraction (XRD), scanning 

electron microscopy (SEM), thermogravimetric analysis (TGA), accelerated surface area and 

porosimetry (ASAP) analysis and infrared (IR) spectroscopy, before and after stirring in pure 

deionised H2O and EtOH. Material characterisations of the materials and reaction products after 

adsorption of pharmaceuticals will be characterised using TGA, XRD and IR analysis.  
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2 Theory 
 

2.1 Adsorption Theory  
 

Adsorption is the accumulation of a substance (e.g. atoms, ions and molecules) at an interface. 

The accumulated substance (adsorbate) creates a film on the surface of the adsorbing material 

(adsorbent). What kind of interaction that dominates between the adsorbate and the adsorbing 

surface, defines what type of adsorption that has taken place. Physical adsorption or 

physisorption is dominated by Van der Waals interactions. These interactions are very weak. 

Thus, physisorption is characterise as reversible and takes place at lower temperatures. 

Chemical adsorption (chemisorption) is dominated by stronger interactions with higher 

adsorption energies. Chemisorption often requires activation energy and is generally 

irreversible. [47,48] 

The amount of material that is adsorbed is influenced by a number of factors (e.g. temperature, 

concentration, specific surface area of adsorbent etc.) and can be investigated experimentally. 

Adsorption isotherms can be used to evaluate the uptake capacity of an adsorbent. An 

adsorption isotherm describes the amount of adsorbate per amount of adsorbent material against 

pressure or concentration of adsorbate in the surrounding atmosphere/solution (P or c). These 

can be described through a number of different adsorption isotherm models. The shape of the 

isotherm can indicate the formation of multi- vs monolayers and give insight in the adsorption 

process and interaction type. [47]  

 

2.1.1  Equilibrium Adsorption Capacity  
 

Adsorption capacity (q) describes the amount of substance removed from the surrounding 

media through adsorption. It is often described as mg adsorbed substance per g of adsorbent 

material. The adsorption capacity can be calculated as shown in equation 1, and is a function of 

concentration of substance before (Ci) and after (Ca) contact with adsorbent material, volume 

of the solution (V) and mass of the adsorbent added (m). [49] 

 

𝑞 =
𝐶𝑖−𝐶𝑎

𝑚
∗ 𝑉      (1) 

 

Adsorption capacity typically increases with increasing concentration in the surroundings, until 

a plateau is reached. This is known as the maximum adsorption capacity (qm). At this point, the 

material is saturated and has reached the maximum removal potential of the adsorbate. For 

evaluating qm, it is important that the contact time is sufficiently long to reach equilibrium 

between adsorbent and surrounding media. After this time point, the adsorption capacity will 

be constant with time, and the equilibrium adsorption capacity (qe) is reached.  [48] 
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2.1.2  Langmuir and BET Isotherms  
 

Depending on experimental conditions, a great variety of isotherms can be observed. One type 

of isotherm that is often observed for adsorption from solutions is the Langmuir isotherm 

(Figure 2.1 A).  

 

 

Figure 2.1. Schematic plot of two commonly observed adsorption isotherms. If the isotherm describes adsorption of gases, 

the adsorption capacity is described as a function of the partial pressure P. For liquid-solid interfaces, the concentration c is 

used. The figure is an adaptation the isotherms described by Graf, Kappl and Butt (2004).  [47] 

 

The Langmuir isotherm is characterized by saturation at high concentrations. The isotherm is 

described by equation 2. [47,48] 

 

𝑞 =
𝑞𝑚𝑏𝐶

1+𝑏𝐶
                            (2) 

 

Where q is the adsorption capacity (mg g-1), qm is the theoretical maximum adsorption capacity  

(mg g-1), b is the Langmuir constant and C is the concentration of the adsorbed substance (mg 

L-1). The equation describes a monolayer adsorption to a homogenous surface and is based on 

a number of assumptions:  

 There is a fixed number of binding sites on the adsorbent that are homogenous 

in regards of binding to the adsorbate.  

 Each binding site can only hold one molecule of the adsorbate (i.e. monolayer 

formation). 

 There is no interaction between the adsorbate molecules.  

In practice, these assumptions are not always valid (e.g. a completely homogenous surface). 

Nevertheless, it has in many cases been shown to be a good model for describing adsorption in 

liquid-solid interfaces. [28,33,43,47,48] 

A more realistic description of the adsorption process is the Brunauer, Emmett and Teller (BET) 

model (Figure 2.1 B). The BET theory accounts for the formation of multilayers. While the 
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Langmuir model shows a saturation at higher activities (here: concentrations) the BET isotherm 

may also account for an infinite increase of the adsorption isotherm at higher concentrations. 

This happens when the binding of the initial monolayer to the adsorbent is weaker than binding 

of following layers on the already adsorbed molecules. The general BET isotherm (originally 

derived from adsorption of gases) is shown in equation 3. [47,48] 

 

𝑞

𝑞𝑚
=

𝑐𝑥

(1−𝑥)(1−𝑥+𝑐𝑥)
      (3) 

 

Where q and qm is the adsorption and maximum adsorption capacity (mg g-1), c is a constant 

and x is the ratio of the partial pressure of the adsorbate to its saturation pressure at the system 

temperature (x = P/PS). When applying this for liquid-solid interface, there has been difficulties 

in exchanging the saturation pressure (PS), since there is not a physio-chemical parameter that 

is directly corresponding to PS for liquid-solid systems. This issue was addressed by Ebadi et 

al. [50] that developed an adjusted BET equation more suitable for liquid-solid interfaces. The 

adjusted version is shown in equation 4.   

 

𝑞

𝑞𝑚 
=

𝐾𝑆𝐶𝑒𝑞

(1− 𝐾𝐿𝐶𝑒𝑞)(1− 𝐾𝐿𝐶𝑒𝑞+ 𝐾𝑆𝐶𝑒𝑞) 
                  (4) 

 

Where Ceq is the concentration of substance at equilibrium between the adsorbent and the 

surrounding solution, Ks is the equilibrium constant for adsorption of the first layer and KL is 

the equilibrium constant for adsorption of the upper layers. [50] 

 

2.2 Scanning Electron Microscopy 
 

Scanning electron microscopy (SEM) is a powerful tool for examining materials and surfaces 

on a nanometer scale and can be used for visualizing biological as well as inorganic samples. 

The sample is irradiated with a finely focused electron beam upon which various types of 

signals are produced when the beam interacts with the material. The types of signals that are 

produced include secondary electrons, Auger electrons, backscatter electrons, characteristic x-

rays, and photons of different energies. These signals can provide information about the sample 

such as composition, surface topography and crystallography. The backscatter and secondary 

electrons are of greatest importance for analysing surface topography, which often is the 

primary objective for SEM analysis. When the electron beam is swept across the surface of the 

material, these signals vary as a result of difference in surface topography. Through this, it is 

possible to produce an image of the sample with a nanoscale resolution. [51] 

The x-ray signals are produced through inelastic collision of the electron beam and electrons in 

discrete orbitals in the specimen. Upon relaxation of these electrons, x-rays of a fixed 

wavelength are emitted. These wavelength can be related to each element of the analysed 
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material that is “excited” by the electron beam. Thus, these signals yield information about the 

elemental composition of a sample. The most common x-ray measurement system found in 

connection to SEM is the energy-dispersive spectrometer (EDS). Through the EDS system it is 

possible to obtain both qualitative and quantitative analysis of the elemental constituents of a 

specific area observed in SEM. [51]  

 

2.3 Thermogravimetric Analysis  
 

Thermogravimetric analysis (TGA) is a method that measures the change in mass of a substance 

over time, when it is subjected to a dynamic temperature program. Typically, an inert 

atmosphere of nitrogen or argon is used in order to avoid oxidising or burning. The mass change 

is analysed as a function of temperature, known as the TGA curve. The method can provide 

information such as water- or solvent content, decarboxylation, oxidation and sample 

composition. Depending on the composition of the sample, the material will decompose in 

different steps upon heating. Through this it is possible to obtain quantitative and qualitative 

information about the material components. [52] 

 

2.4 X-ray Powder Diffraction  
 

X-ray powder diffraction (XRD) is an analytical technique primarily used for analysing crystal 

structure and identifying crystalline components of a sample.  The technique is based on the 

interaction of monochromatic x-rays with a crystalline sample. The monochromatic beam is 

directed towards the sample, and the scattered intensity is measured as a function of the 

scattering angle (2θ). The scattering angle is the angle between the incident and outgoing beam 

directions. At conditions satisfying Bragg’s law constructive interference is produced between 

the incidents and scattered x-rays, resulting in a peak of intensity. Bragg’s law is shown in 

equation 5. [53] 

 

𝑛𝜆 = 2 𝑑 𝑠𝑖𝑛(𝜃)         (5) 

 

Where n is an integer (1, 2, 3,…), λ is the wavelength of the incident x-ray beam, θ is half of 

the scattering angle and d is the d-spacing (i.e. inter-planar spacing of a crystal). [53] 

In practice, the beam is collimated (i.e. parallel rays) and directed towards the sample, which is 

rotated at an angle θ. The detector (rotated at an angle 2θ) records the incoming x-ray signal 

and converts it to a count rate. The count rate is plotted against the scattering angle (2θ), 

resulting in an x-ray diffractogram of the sample. The specific peak positions and intensities 

that makes the diffractogram serves like fingerprints of a particular crystalline phase. Through 

comparison with already existing diffractograms in reference databases it is possible to identify 

species and crystal structure in a sample. The broadness of the peak may also give information 

about particle size of nanocrystals, inhomogeneous composition or other defects in the crystal 

structure. [53] 
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2.5 Surface Area and Porosimetry Analysis  
 

The accelerated surface area and porosimetry system (ASAP) measures nitrogen sorption at 

low temperature (77 K) to obtain information about specific surface area and porosity of a 

material. The sample is outgassed in a vacuum to remove physisorbed molecules and avoid 

drastic changes in the surface. Nitrogen gas is admitted into the evacuated space above the 

outgassed sample and the nitrogen molecules are adsorbed to the surface. When dynamic 

equilibrium is reached (i.e. rate of molecules adsorbed equals rate molecules desorbed) the 

pressured is measured. The amount of gas adsorbed can then be calculated using the universal 

gas law, and can be analysed as a function of pressure at dynamic equilibrium through the BET 

isotherm (equation 4). Knowing the mean surface area occupied by each nitrogen molecule, it 

is possible to calculate the specific surface area of the sample by applying the BET theory. This 

is known as the BET specific surface area. [54] The pore volume and diameter can be calculated 

using Barett, Joyner and Halenda (BJH) model or the Density Functional Theory (DFT). [55,56] 

 

2.6 Infrared Spectroscopy  
 

Infrared (IR) spectroscopy studies the interaction between a compound and electromagnetic 

radiation in the infrared region. It is a widely used technique for structural analysis of a 

compound through identification of characteristic bonds. The infrared region can be divided 

into near- (12820 – 4000 cm-1), mid- (4000 – 400 cm-1) and far- (400-33 cm-1) infrared region. 

Where mid-infrared spectroscopy can provide structural information about a majority of the 

organic molecules. [57] 

When a sample is exposed to electromagnetic radiation of the mid-infrared region, absorption 

will occur at specific wavelengths. Radiation is absorbed at frequencies corresponding to the 

vibrational frequencies of the molecule (also known as resonant frequencies), causing excitation 

to a higher vibrational state. In order for a vibrational mode to be IR active (i.e. absorb infrared 

radiation) the excitation must lead to a change in the dipole moment of the compound. 

Generally, greater polarity within a bond results in stronger IR absorption. By measuring 

absorbance/transmittance at different wavelengths, a characteristic absorbance spectrum of the 

sample can be produced. Each peak in absorbance corresponds to a vibrational mode of a 

specific bond.  Through comparison with already existing IR absorbance data, it is possible to 

identify presence of specific bonds within a molecule, or detecting the formation of a new bond 

in a chemical reaction. [57] 
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2.7 Ultraviolet-visible Spectroscopy  
 

UV-vis spectroscopy is a method that allows for the determination of concentrations of 

substances in a solution. The sample is irradiated with light in the ultraviolet and visible region 

(200-800 nm). If the sample is UV-active, an electron will be excited from a full orbital into an 

empty anti-bonding orbital, when irradiated with light of a certain wavelength. The wavelength 

absorbed corresponds to the energy required for the electronic transition. Absorption in the UV-

vis region will only occur for compounds containing pi electrons or atoms with non-bonding 

electrons. [58] Such pi electrons can be found in the aromatic rings of the pharmaceuticals used 

in this study, making UV-vis spectroscopy a good option for determination of the 

pharmaceutical concentrations in water.  

The method can be used for quantitative analysis by applying the Beer-Lambert law (equation 

6). This law states that the absorbance (A) at a certain wavelength can be described as a function 

of concentration (c), optical path length (i.e. cuvette length in cm, l) and molar extinction 

coefficient of the particular substance (ε). [58] 

 

𝐴 =  𝑐𝑙𝜀      (6)  

 

This is only true at a certain concentration range (the linear range). At higher concentrations, 

the absorptive behaviour of the sample will deviate from the Beer-Lambert law and the 

absorbance will be constant with changing concentration. A calibration curve within the linear 

region can be used for determining concentrations of unknown samples, through absorbance 

measurements. [58]   
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3 Experimental 
  

3.1 Materials 
 

MgO (≥99.9% trace metal basis, ⁓325 mesh), APTES ( ≥98%), TEPS (98%), DFC, SMX 

(analytical standard), CBZ, VEN (pharmaceutical secondary standard; certified reference 

material), toluene (anhydrous, 99.8%) and activated carbon (powder, -100 mesh particle size, 

decolorizing) where purchased from Sigma-Aldrich. Methanol (HPLC - isocratic grade) and 

EtOH absolute was purchased from VWR chemicals.  

 

3.2 Synthesis of MMC and modified MMC  
 

3.2.1 MMC  
 

MMC was synthesized as described earlier by Cheung et al. [19] In short, 20 g of MgO was 

dispersed in 300 mL of methanol. The solution was allowed to stir in a pressurized glass vessel 

under 4 bar of CO2 for 24 h. The mixture was centrifuged (3800 rpm, 30 min) to remove 

unreacted MgO. The supernatant was combined and mechanically stirred in a warm water bath 

until a gel-like powder was formed. The powder was dried at 150 ℃ for 24h.  

 

3.2.2 Modified MMC  
 

APTES modified MMC (aMMC) and TEPS modified MMC (tMMC) was synthesized 

according to the procedure reported by Vall et al. [40] Prior to synthesis, all glassware was 

dried overnight at 150 ℃. The system was flushed with N2(g) during setup and reaction to 

maintain an inert environment. A three-necked round bottom flask, containing a magnetic stirrer 

bar, was enclosed with one glass stopper and a rubber septum and connected to a reflux 

condenser. On top of the reflux condenser, a drying tube filled with drying agent and sealed 

with glass wool was connected to prevent air from entering the system. In the round bottom 

flask, 5 g of MMC dispersed in 300 mL of anhydrous toluene.  The dispersion was allowed to 

reflux at 110 ℃ for 1 h. 42.5 mmol of surface modifier (APTES or TEPS) was added to the 

reaction mixture through the rubber septum. The setup was left to reflux for 24 h. After cooling 

in room temperature, the product was filtered off, washed several times with EtOH and dried 

overnight at 70 ℃.   
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3.3 Adsorption Studies  
 

3.3.1 Small Batch Studies 
 

Small-scale adsorption studies were made to examine the adsorption isotherm for each 

pharmaceutical on MMC, aMMC and tMMC. For comparison, the same studies were 

performed using AC as the adsorbent. Different solutions of each pharmaceutical were prepared 

in deionized H2O to concentrations ranging from 10 – 1000 mg L-1 (VEN and DFC), 10 – 200 

mg L-1 (CBZ) and 10 – 440 mg L-1 (SMX). In the case of SMX and CBZ, the upper 

concentration limit was restricted by the solubility of the drug. The solutions were prepared in 

50 mL centrifuge tubes and the final volume was 30 mL. To each solution, 30 mg of adsorbent 

(MMC, aMMC, tMMC or AC) was added. The mixtures were left to shake for 5.5 h.  After this 

time, the system was estimated to have reached equilibrium. The adsorbent was removed from 

the solution by centrifugation (3800 rpm, 10 min). For samples containing aMMC, tMMC and 

AC the supernatants were filtered through a 0.45 µm cellulose-syringe filter to remove excess 

particles that were still floating in the solution.  

Corresponding adsorption studies were also performed using EtOH as solvent, for adsorption 

of VEN and DFC on MMC, aMMC and tMMC. These studies were done to further understand 

the pharmaceutical-adsorbent surface interaction.  

Concentrations of the pharmaceuticals in water were analysed with UV-vis spectrometry, 

before and after shaking with adsorbent. Calibration curves used for analysis are shown in 

appendix A. For each calibration curve, two stock solutions were prepared with concentrations 

of 1000 mg L-1 (VEN and DFC), 440 mg L-1 (SMX) and 200 mg L-1 (CBZ). Every other stock 

solution was diluted to every other concentration point on the calibration curve. Deionized H2O 

was used as reference and blank for calibration curves prepared in H2O. For calibration curves 

prepared in EtOH (VEN and DFC), the same method was used. Absolute EtOH was used as 

reference and blank. The measurements were done with a UV-1800 Spectrophotometer from 

Shimadzu in a Quartz cuvette. Wavelengths of analysis were 274 nm (VEN), 266 nm (SMX), 

285 nm (CBZ) and 275 nm (DFC) for water samples. For EtOH samples, the wavelengths of 

analysis were 275 nm (VEN) and 283 nm (DFC). All signals were averages of three 

measurements.  

 

3.3.2 Large Batch Studies 
 

Large batch studies were performed to evaluate the interaction between the pharmaceutical and 

the surface of the adsorbent. 200 mL solutions of each pharmaceutical in deionized water were 

prepared in Erlenmeyer flasks. The concentrations were 750 mg L-1 (VEN and DFC), 440 mg 

L-1 (SMX) and 200 mg L-1 (CBZ). To each solution, 200 mg of adsorbent (MMC, aMMC and 

tMMC) was added and solutions were covered with parafilm. The solutions were vigorously 

stirred with a magnetic stirring bar for 5.5h. The adsorbent was separated through centrifugation 

(3800 rpm, 10 min) and dried in the oven at 70 ℃ for 24 h.  
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Corresponding studies were performed with EtOH solutions of DFC and VEN (750 mg L-1). 

Studies were also performed on blank solutions of water and EtOH with the adsorbents, to 

investigate the stability of the adsorbent at the conditions of the experiment. The collected 

adsorbent was characterized as described in the “Material Characterisation” segment.    

 

3.4 Material Characterisation  
 

3.4.1 Scanning Electron Microscopy  
 

SEM analysis of adsorbents (MMC, aMMC and tMMC) was performed with a Zeiss LEO 1550 

(Oberkochen, Germany) operating at 1 kV. The samples were loaded on aluminium subs with 

double sided carbon tape. Prior to analysis, samples were coated with gold-palladium to avoid 

charging effects. Coating was done using a Polaron SC7640 sputter coater (Thermo VG 

Scientific, Waltham, USA).  

 

3.4.2 Thermogravimetric Analysis 
 

TGA analyses was done on the adsorbents (MMC, aMMC and tMMC), pharmaceuticals and 

solid material from the large batch studies. Samples were analysed using a TGA/DSC 3+ Star 

System (Mettler Toledo, Greifensee, Switzerland) with inert alumina sample holders. The 

measurements were performed with temperatures ranging from 25 to 800 ℃ (10 ℃ min-1 heat 

ramp) under air flow of 20 mL min-1. The curves were normalised to the mass at 200 ℃, to 

eliminate the evaporation of the solvents. 

 

3.4.3 X-ray Powder Diffraction  

 

XRD analysis was done on the adsorbents (MMC, aMMC and tMMC), pharmaceuticals and 

solid material from the large batch studies. The samples were grinded to a fine powder prior to 

analysis. Measurements were performed using a Bruker D8 Advance XRD Twin-Twin 

instrument (Bruker, Bremen, Germany) with CuKα radiation (λ= 1.5418 Å) with acceleration 

voltage of 40 kV and a 40 mA current. The samples were analysed in the θ/2θ range of 10° to 

80°, with 0.04° step size and measuring time of 1 s per step. All samples were analysed on a 

silicon background sample holder.  

 

3.4.4 Specific Surface Area and Porosimetry Analysis 
 

Surface area analysis and porosimetry studies were done for all the adsorbents (MMC, aMMC, 

tMMC and AC) and for the MMC, aMMC and tMMC after stirring in H2O for 5.5 h, to evaluate 

how the adsorbent porosity was affected by these conditions. Studies were done at 77 K in a 
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deward flask containing liquid N2, using an ASAP 2020 Surface Area and Porosity Analyzer 

(Micrometrics, Norcross, USA). Prior to analysis, the samples were degassed in dynamic 

vacuum (100 ℃ for 6 h) using Micrometrics Smart VacPrep instrument (Micrometrics 

Instrument Cooperation, Norcross, USA). The specific surface area was determined by 

applying the BET-equation for specific surface area [59] to the relative pressure range 0.05-

0.30 of the adsorption branch of the isotherm. The calculations were performed with 

micrometrics ASAP 2020 V3.04 software.  

 

3.4.5 Infrared Spectroscopy  
 

IR spectroscopy was performed on the adsorbents (MMC, aMMC and tMMC) and solid 

material from the large batch studies. The samples were grinded to a fine powder prior to 

analysis. Measurements were done using Varian 610-IR FTIR (Santa Clara, California, United 

States) equipped with a Specac Goldengate attenuated total reflection accessory (Orpington, 

UK), with a diamond ATR element and KRS-5 lenses. Measurements were done at 150 ℃ 

within the range of 400 – 4000 cm-1.  Spectra were recorded using deuterated triglycine sulphate 

detector with 4 cm-1 resolution. 64 background spectra were recorded and accounted for and 

samples spectra were signal averages of 128 scans.  

 

IR spectroscopy measurements on pharmaceuticals and adsorbents before and after stirring in 

blank solution, were measured with Bruker Tensor 27 IR (Bruker, Billerica, USA) with a 

platinum attenuated total reflectance (ATR) multiple crystal diamond accessory. Materials were 

grinded to a fine powder prior to analysis. Measurements were performed at room temperature 

within the range of 400 – 4000 cm-1 and 4 cm-1 resolution. 32 background spectra were recorded 

and accounted for and samples spectra were signal averages of 32 scans. 
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4 Results and Discussion 
 

 

4.1 Material Characterisation   
 

The synthesised MMC, aMMC and tMMC were characterised to confirm the formation of 

mesoporous material and successful modifications. Characterisation studies of the adsorbents 

after stirring in deionized H2O and absolute EtOH for 5.5 h were also performed to investigate 

the stability of the material under these conditions. The results are presented and discussed in 

following sections.  

 

4.1.1 Surface Area and Porosimetry Analysis  
 

The specific surface area of the synthesized MMC, aMMC and tMMC was investigated, 

together with the surface area of the AC used for comparative studies. Measurements were also 

done on MMC and modified MMC after stirring in deionized H2O for 5.5 h. The obtained BET 

surface areas for each adsorbent are reported in Table 4.1. Corresponding isotherms for MMC, 

aMMC and tMMC are illustrated in Figure 4.1.  

 

Table 4.1. BET surface area of MMC, aMMC and tMMC as synthesized and after stirring in deionized H2O for 5.5 h.  

* Specific surface area of AC was only measured on dry material as obtained from Sigma-Aldrich.  

Material  BET Surface area (m2 g-1) 

 As synthesized H2O 5.5 h 

MMC 722 267 

aMMC 486 13 

tMMC 651 296 

AC  1536 N/A* 

 

BET surface area of MMC was determined to 722 m2 g-1. The specific surface area was within 

the reported range for MMC (618 – 800 m2 g-1), when synthesised using reported conditions. 

[19,20,60] The high specific surface area and the appearance of a hysteresis loop in the N2 

adsorption and desorption isotherms (Figure 4.1) indicated successful formation of MMC. 

Modifications of the material to aMMC and tMMC resulted lower specific surface areas (486 

and 651 m2 g-1 respectively). This was expected and in accordance with results reported by Vall 

et al.  [40], where the overall pore volume was reported to be lower after modification of MMC 

with APTES. The authors argued that the introduced stabilizing agent occupied some of the 

free space in the porous material, resulting in smaller reduced pore volume and slightly reduced 

specific surface area. However, the appearance of the N2 adsorption and desorption isotherms 

(Figure 4.1) confirmed retained mesoporous structure of the modified materials (aMMC and 

tMMC). [36,61] 
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Figure 4.1. Nitrogen sorption isotherms for MMC (red circles), aMMC (blue triangle) and tMMC (green squares), as 

synthesized. 

 

After stirring the material in H2O for 5.5 h, there was a decrease in specific surface area (Table 

4.4). The MMC decreased from 722 to 267 m2g-1 and the tMMC decreased from 651 to 296 

m2g-1. The aMMC was measured to have decreased from 486 to 13 m2g-1. It appears as if the 

APTES modifying agent of the aMMC was not successful in protecting the MMC nanoparticles 

from growing. Probably, the nanoparticles have grown together, blocking the pores. The TEPS 

modifying agent of the tMMC was more successful in protecting the porous structure of the 

adsorbent. Nevertheless, it is possible to say that the H2O affected the porous structure of the 

material, causing decrease of the total pore volume and hence a lower specific surface area.  

Due to time limitations, the experiments were only performed once. No statistical analysis could 

be performed on the data because of this. Therefore, the results should be regarded as indicative 

and not statistically verified.  
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4.1.2  IR spectroscopy  
 

IR spectra was recorded for MMC, aMMC and tMMC to verify successful attachment of the 

modifying agent. Measurements were also performed on the adsorbents after stirring for 5.5 h 

in H2O and EtOH, to investigate how these conditions affected the adsorbents and/or the 

modifying agents.  The resulting IR spectra are shown in Figure 4.2 to 4.4.  

 

 

Figure 4.2. IR spectra for MMC as synthesized (blue) and after stirring in EtOH (red) and H2O (grey) for 5.5 h. 

 

Figure 4.3 IR spectra for aMMC as synthesized (blue) and after stirring in EtOH (red) and H2O (grey) for 5.5 h. 
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Figure 4.4. IR spectra for tMMC as synthesized (blue) and after stirring in EtOH (red) and H2O (grey) for 5.5 h. 

 

IR analysis of aMMC (Figure 4.3) and tMMC (Figure 4.4) confirms presence of characteristic 

alkyl C-H stretches at 2981 – 2856 cm-1 that are not present for unmodified MMC (Figure 4.2). 

For the aMMC, signals at 3328 and 3340 cm-1 could be attributed N-H stretches of the primary 

amine on the modifying agent APTES. Whereas for tMMC, a signal at 3054 cm-1 could be 

connected to the C-H stretches of the aromatic groups on the modifying agent TEPS.[62] This 

indicated successful attachment of the stabilising agent on the MMC material. For MMC, two 

strong signals at 1522 and 1430 cm-1 could be attributed to the symmetric and asymmetric 

stretching vibrational modes of (CO3
2-) groups respectively.[63] A shift of this signal towards 

lower wavenumbers was observed for the aMMC (1502 and 1394 cm-1) and tMMC (1510 and 

1412 cm-1). An explanation to this shift could be an interaction between the carbonate surface 

groups of the MMC and the modifying agents.    

The retention of the characteristic N-H amine stretches of aMMC after stirring for 5.5 h EtOH 

(Figure 4.3) indicated that the attachment of the modifying agent was stable under these 

conditions. However, after stirring for 5.5 h in H2O, only one signal (3394 cm-1) could be 

attributed to the N-H stretches of the amine. These frequencies are characteristic for the 

stretching of secondary amines or amides.[64] Indicating that a reaction may have occurred 

with the primary amines of the APTES molecule and the carbonate groups of the MMC 

adsorbent. However, further characterisations would be needed to determine the molecular 

bonding on the surface of the aMMC.  

For tMMC (Figure 4.4), the C-H aromatic stretches of TEPS could be detected after stirring in 

H2O/EtOH. However, signals at 3969 and 3570 cm-1 were visible for both tMMC and MMC 

after stirring in H2O. These signals could be attributed to Mg-O-H stretching modes of 

magnesium hydroxide and O-H stretch of adsorbed H2O.[65] Indicating that a part of the 

magnesium carbonate may have formed magnesium hydroxide when stirred in H2O. 

Furthermore, detection of alkyl C-H (2981 – 2856 cm-1) and alcoholic O-H (3055 cm-1, broad) 
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stretching modes for MMC stirred in EtOH, indicated that some solvent was still present on the 

adsorbent even after drying in the oven. Likely, the solvent interacted with the surface carbonate 

group of the adsorbents, causing the observable shift in carbonate stretching modes for the 

adsorbents stirred in H2O/EtOH.  

 

4.1.3  Crystallinity Studies  
 

The adsorbents were investigated with XRD to confirm amorphous structure of the synthesized 

material.  The XRD of the adsorbent after stirring for 5.5 h in H2O/EtOH was also studied to 

investigate if the adsorbent had crystallized under these conditions. The resulting XRD spectra 

are presented in Figure 4.5.  

 

 

Figure 4.5. XRD spectra of MMC (grey), aMMC (red) and tMMC (blue) as synthesized (A) and after stirring for 5.5 h in 

H2O (B) and EtOH (C). 

 

XRD confirmed that amorphous MMC had formed after synthesis and that the amorphous 

structure was maintained after modification (Figure 4.5 A). For the aMMC, a diffraction peak 

could be detected at ⁓32 
⸰. This could be connected to the presence of residual, unreacted MgO, 

as discussed previously by Frykstrand et al. [60] 

After stirring for 5.5 h in EtOH, amorphous structure was maintained without tendencies to 

crystallize (Figure 4.5 C). Indicating that the structure of the adsorbent was stable under these 

conditions. The adsorbent showed some tendencies to crystallize after stirring for 5.5 h in H2O 

(Figure 4.5 B). Especially for MMC, where weak, broad peaks are visible in the XRD 

diffractogram. The broadness of the peaks indicates formation of nanocrystals. If the crystallites 

making up a powder material are sufficiently small, the maxima of the diffractogram pattern 

will be broadened. This broadening happens with an amount that is inversely proportional to 

the size of the crystalline particles, in agreement with Scherrer’s formula. [66] The XRD 

indicates that MMC has tendencies to form crystallites when stirred for 5.5 h in H2O. These 

crystallites are likely consisting of magnesium hydroxide (indicated by IR analysis). This 

crystallisation may also explain the decrease in specific surface area, observed with ASAP 

analysis. However, the structure of the MMC is still dominantly amorphous. In addition, the 

XRD showed that the modified MMC (aMMC and tMMC) had less tendency to crystallize after 

stirring in H2O compared to unmodified MMC (Figure 4.5 B). This indicates that the 
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mechanism behind the large decrease in surface area for the aMMC was not due to 

crystallisation but rather because of growth of the amorphous MMC nanoparticles constituting 

the material.  

 

4.1.4  Surface Morphology  
 

SEM images were taken on the adsorbents to investigate the surface morphology and how it is 

affected by stirring in H2O/EtOH. The resulting images are presented in Figure 4.6 to 4.8.  

 

 

 

 

 

Figure 4.6 . SEM image of MMC (A), aMMC (B) and tMMC (C) as synthesized.  
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Figure 4.7. SEM image of MMC (A), aMMC (B) and tMMC (C) after stirring for 5.5 h in H2O.   

 

 

Figure 4.8. SEM images of MMC (A), aMMC (B) and tMMC (C) after stirring for 5.5 h in EtOH.  
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The SEM revealed a porous “bubbly” surface structure for all of the synthesized adsorbents 

(Figure 4.6). This confirmed that the modification of the MMC did not affect the initial surface 

structure. The surface morphology of the adsorbent was unaffected after stirring for 5.5 in EtOH 

(Figure 4.8) with the same porous surface structure as the synthesized adsorbent. This was in 

agreement with the results from IR and XRD analysis, which indicated that the structure was 

unaffected by stirring in EtOH. For MMC stirred in H2O (Figure 4.7 A), the SEM revealed a 

network of large “flakes” on the adsorbent surface. This was a clear change from the “bubbly” 

surface morphology of the MMC as synthesized (Figure 4.6 A). This is in agreement with the 

XRD, which revealed that the MMC had tendencies to crystallise. This crystallisation is likely 

taking place on the surface of the adsorbent. The same phenomenon was seen for the tMMC 

stirred in H2O (Figure 4.7 C). However, this was not seen for aMMC (Figure 4.7 B), for which 

surface morphology was retained. Further indicating that the change of the aMMC after stirring 

in H2O was not due to crystallisation but by particle growth inside of the adsorbent.  
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4.1.5  Thermogravimetric Analysis  
 

TGA was performed on the adsorbents to investigate the effects that stirring in H2O and EtOH 

for 5.5 h had on the adsorbent structure. The curves were normalized to the mass at 200 ℃, to 

eliminate the evaporation of the solvents. The results are shown in Figure 4.9.  

 

 

Figure 4.9 TGA curve for MMC (A), aMMC (B) and tMMC as synthesized (grey line) and after stirring for 5.5 h in H2O (red 

line) and EtOH (blue line).  

 

For the MMC (Figure 4.9 A) a drop in mass at ⁓370 ℃ could be attributed to the decomposition 

of MgCO3 into MgO and CO2. [38] TGA on aMMC (Figure 4.9 B) and tMMC (Figure 4.9 C) 

revealed decomposition of the modifying agent at ⁓290 ℃ (APTES) and ⁓305 ℃ (TEPS). For 

aMMC, one more mass drop at ⁓480 ℃ could be attributed to additional breakdown of the 

modifying agent APTES.  

The structure of the adsorbent after stirring for 5.5 h in EtOH is only moderately affected. A 

slight change is decomposition temperature of the MgCO3 to higher temperatures could be 

connected to interaction between solvent and the carbonates on the adsorbent surface. For the 

adsorbents stirred in H2O, the mass drop connected to the decomposition of MgCO3 was ⁓10 

wt% lower than for adsorbent as synthesized. One explanation to this could be that the carbonate 

is reacting with the H2O to form magnesium hydroxide. This would cause the carbonate 

structure of the MMC to dissolve slowly, leaving a higher relative amount of MgO nanocrystals 

in the adsorbent. This is in agreement with the results obtained from the IR analysis. The 

decomposition of magnesium hydroxide (forming MgO and H2O) occurs at a temperature of 

⁓320 ℃. [67] Thus, it was not possible to distinguish the decomposition of magnesium 

hydroxide in the TGA curve, since there was an overlap with the decomposition of MgCO3. 

The results indicated that stirring in H2O does in fact slightly affect the structure of the 

adsorbent. A problematic aspect if the adsorbent is to be used as a filter in WWTPs.  
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4.2 Adsorption Studies  
 

4.2.1  Small Batch Studies 
 

Equilibrium uptake capacity (qe) was calculated for each concentration through equation 1 (see 

“Theory” chapter). Adsorption isotherms for each pharmaceutical was established by plotting 

qe against the equilibrium concentration (i.e. concentration of the solution after 5.5 h shaking). 

The adsorption isotherms for each pharmaceutical on the different adsorbents are shown in 

Figure 4.10.   

 

 

Figure 4.10 Adsorption (qe) at different equilibrium concentrations of VEN (A), SMX (B), CBZ (C) and DFC (D) on MMC 

(black square), aMMC (red circle), tMMC (blue triangle) and AC (green triangle) from spiked water samples. The lines are 

drawn as guidance for the eyes. 

 

Adsorption of VEN (Figure 4.10 A) on MMC shows a clear “threshold” concentration at  

480 mg L-1. Before the threshold concentration, there is no adsorption on the adsorbent. After 

this point, there is a drastic increase in adsorption capacity, with no tendencies to saturate at 

this concentration interval. The same behaviour was seen for adsorption on aMMC. For 

adsorption on tMMC, the threshold concentration was earlier (200 mg L-1).  

Similar behaviour was shown for DFC (Figure 4.10 D), where all the adsorbents showed a clear 

threshold concentration at 200 mg L-1.  The MMC however, reached saturation at 300 mg L-1. 

After this point, the adsorption capacity of the MMC was stable around 130 mg g-1, comparable 

to the adsorption of DFC on AC. This was not the case for adsorption on aMMC and tMMC, 

which increased without sign of reaching saturation.  
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For both VEN and DFC, the adsorbent showed high adsorption capacities at high concentrations 

of the drugs. At concentrations >600 mg L-1, the adsorption capacities of MMC, aMMC and 

tMMC were comparable or even higher than the capacity of AC. However, the concentrations 

of the pharmaceuticals in effluent wastewater is currently in the scale of ng L-1. Therefore, using 

the adsorbent as a filter for adsorbing pharmaceuticals from effluent wastewater would likely 

be of limited success.  

For the less water soluble SMX, adsorption also occurred at lower concentrations (Figure 4.10 

B). A small threshold was still shown at 150 mg L-1 for adsorption on MMC and aMMC. 

Adsorption of SMX on tMMC was lower and did not show any threshold. The isotherm for 

adsorption of SMX on tMMC followed a predictable Langmuir shape, similar to the adsorption 

of pharmaceuticals on AC. The same phenomenon was seen for the adsorption of CBZ  

(Figure 4.10 C). Also for CBZ, the adsorption on aMMC and MMC has a clear threshold 

concentration at 90 mg L-1, with no uptake before this point. The adsorption on tMMC however, 

occurred with a predictable Langmuir isotherm, with adsorption occurring also at the lower 

concentrations. The explanation behind this could be the hydrophobic nature of TEPS, the 

surface modifier of tMMC. The aromatic groups of the TEPS molecule provided a more 

hydrophobic surface, compared to the more hydrophilic surface of the unmodified MMC. This 

surface could give more favourable Van der Waals and aromatic interactions with the poorly 

water soluble SMX and CBZ molecules. These results indicates that tMMC has potential for 

adsorbing poorly soluble drugs from effluent wastewaters. However, the adsorption capacity of 

AC for both SMX and CBZ was manifold higher than any of the studied adsorbents. Therefore, 

more developments of the tMMC are needed before the adsorbent could be used as a filter 

material for effluent wastewaters.     

One explanation to the threshold phenomenon could be found in the appearance of the isotherm. 

The isotherm has a BET-isotherm shape. As discussed by Králik [48], a BET isotherm is often 

experimentally found for adsorption with mesoporous materials and materials without 

micropores (diameter < 2 nm). These kind of adsorbents often accumulate substances 

proportionally to the activity (in this case concentration) of the adsorbate. The strength of the 

adsorption of the second and following layers are often different from the adsorption of the first 

layer. If the interactions between the adsorbent and the adsorbed molecules are weak, the 

adsorbate have to cover the whole surface of the adsorbent at relatively high concentrations. 

After this point, formation of multilayer can happen with only small increases of the adsorbate 

concentration. [48] Thus, the formation of multilayers could be an explanation behind the 

threshold concentrations observed for the adsorbents.  

Another explanation could be in the competition with H2O molecules. The carbonates that 

constitutes the MMC adsorbent has polar interactions with the water molecules. If the 

interactions of the carbonate groups to the H2O molecules are stronger than the interactions to 

the pharmaceuticals, a relatively high concentration of pharmaceutical would be required in 

order to adsorb the pharmaceuticals form the solution. To investigate this theory, adsorption 

studies in EtOH were performed on DFC and VEN, where the threshold phenomenon was clear. 

The results from these small batch studies are shown in Figure 4.11 (DFC) and Figure 4.12 

(VEN).  
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Figure 4.11 Adsorption capacity (qe) at different equilibrium concentrations of DFC from EtOH (A) and H2O (B) solution, 

on MMC (black Square), aMMC (red circle) and tMMC (blue triangle). The lines are drawn as guidance for the eyes. 

 

 

Figure 4.12 Adsorption capacity (qe) at different equilibrium concentrations of VEN from EtOH (A) and H2O (B) solution, 

on MMC (black Square), aMMC (red circle) and tMMC (blue triangle). The lines are drawn as guidance for the eyes. 

 

The adsorption of DFC from EtOH (Figure 4.11 A) showed a clear Langmuir isotherm, without 

any threshold concentration. The adsorption capacity showed an increase already at low 

concentrations and reached a saturation point at around 110 mg L-1 (MMC), 40 mg L-1 (aMMC) 

and 80 mg L-1 (tMMC). The saturation of DFC adsorption on MMC in EtOH was comparable 

to the saturation in H2O (150 mg L-1). Indicating that the maximum adsorption capacity of DFC 

on MMC probably can be found around 100 – 150 mg L-1. The results indicates that the 

adsorption of DFC from H2O on MMC, aMMC and tMMC is affected by a competition between 

the H2O and DFC on the adsorbent surface.  

The opposite was revealed for adsorption of VEN from EtOH (Figure 4.12 A). The adsorption 

capacity fluctuates around 0 mg L-1 for adsorption of VEN from EtOH for all of the adsorbents. 

It appears as if the water molecules are necessary for adsorption of VEN on the adsorbent. One 

explanation could be that the tertiary amine of the VEN molecule needs to be protonated, 



28 
 

resulting in electrostatic interactions between the negatively charged cations carbonate groups 

and the positively charged, protonated amino group.   

The results from the EtOH small batch studies indicates that solvent interactions determines the 

adsorption of pharmaceuticals on the studied adsorbents.  

All experiments were only performed once due to time limitations. No statistical analysis could 

be performed on the data because of this. Therefore, the results should be regarded as indicative 

and not statistically verified.  

 

 

4.2.2 Large Batch Studies 
  

To further investigate the interactions between the pharmaceuticals and adsorbents, large batch 

studies were performed. The precipitated adsorbents from the large batch studies were 

characterized using XRD, TGA and IR analysis.  

TGA analysis was performed on the precipitated adsorbents to investigate the amount of drug 

adsorbed from the large batch studies. The TGA curves are showed in Appendix B.  The 

amount drug adsorbed (drug loading, wt%) was extracted from the TGA curves. From the drug 

loading (wt%) it is possible to calculate the drug content in mg g-1 adsorbent  in accordance 

with equation 7.  

 

𝑫𝑪 =
𝑫𝑳

(𝟏𝟎𝟎−𝑫𝑳)
∗ 𝟏𝟎𝟎𝟎                                                (7)  

 

Where DC is drug content (mg g-1) and DL is the drug loading (wt%).  The results from the 

TGA studies are summarized in Table 4.2.  

 

Table 4.2. Drug content (mg g-1) on the adsorbents, obtained from TGA analysis. 

*Not possible to determine due to decomposition overlap between drug and modifying agent. 

 Drug content (mg g-1) 

               Adsorbent   
Drug 
 

MMC aMMC tMMC 

H2O    

VEN 20 20 40 
SMX 20 NP* 0 
CBZ 30 40 70 
DFC 330 350 320 

EtOH    

VEN 20 20 40 
DFC 50 50 30 
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The results from TGA measurements (Table 4.2) shows that DFC and CBZ was adsorbed on 

the adsorbent in predictable amounts at the concentrations used (200 and 750 mg L-1 

respectively), in comparison to the small batch studies. At these concentrations, the adsorption 

capacity (i.e. drug content) of DFC was expected to be ⁓130 mg g-1 (MMC), ⁓310 mg g-1 

(aMMC) and ⁓400 mg g-1 (tMMC). Only for MMC, the DFC was adsorbed in higher amounts 

than expected (⁓330 mg g-1), but in the same range as for the other adsorbents. For CBZ, the 

adsorption capacity was ⁓30, 40 and 70 mg g-1 for MMC, aMMC and tMMC respectively. This 

was larger but in the same order of magnitude as the expected adsorption capacities obtained 

from the small batch studies (⁓10, 30 and 20 mg g-1 for MMC, aMMC and tMMC respectively). 

For VEN and SMX, the drug content was much below the expected. For VEN, the drug content 

was expected to be ⁓100 mg g-1, for MMC and aMMC, and ⁓400 mg g-1 for tMMC, but only 

reached ⁓20 mg g-1 for MMC and aMMC and ⁓40 mg g-1 for tMMC. However, tMMC had the 

highest adsorption capacity, in agreement with the results from the small batch studies. The 

same pattern can be seen for the adsorption of SMX. The adsorption capacity of SMX was 

expected to be ⁓130 and 105 mg g-1 for MMC and aMMC respectively, and 30 mg g-1 for 

tMMC, but only detected to ⁓20 mg g-1 for MMC and and 0 mg g-1 for tMMC from the large 

batch studies. As expected tMMC had the lowest capacity and MMC higher capacity. It was 

not possible to determine the drug loading for SMX on aMMC due to overlap in the 

decomposition between modifying agent APTES and SMX.   

The low adsorption capacities of VEN and SMX obtained from the large batch studies could 

probably be explained by the change in conditions when going to larger scale (from 30 to 200 

mL solutions). For the small batch studies, the sample were shaken vigorously, where for the 

large batch studies, a magnetic stirrer bar was used. These changes in conditions may be a 

contributing factor for the adsorption of some analytes. As reported by Freihardt et al., the same 

phenomenon could be seen for the adsorption of pharmaceuticals on GAC. The authors discuss 

the influence of particle size reduction and variances in hydrodynamic conditions as dominating 

factors for differences in adsorption rate between magnetic stirring and shaking. [68]  

For EtOH studies, low amounts of VEN could be detected on all of the adsorbents (⁓20 mg g-1 

for MMC and aMMC and ⁓40 mg g-1 for tMMC) exceeding the expectations from the small 

batch studies (0 mg g-1). As for the adsorption of VEN in H2O, the tMMC had the largest 

adsorption capacity. Likely, the hydrophobic interactions are contributing largely to the 

adsorption of VEN on the tMMC. For DFC, the adsorption capacities in EtOH was ⁓50 mg g-1 

for MMC and aMMC and ⁓30 mg g-1 for tMMC. The adsorption on MMC was expected to be 

⁓125 mg g-1, slightly higher than measured adsorption. The adsorption on aMMC and tMMC 

was in the same order of magnitude as expected from the small batch studies (⁓30 and 50 mg 

g-1 respectively). The adsorption of DFC in EtOH is considerably lower than the adsorption in 

H2O at high concentrations (> 200 mg L-1). This was in agreement with the results of the small 

batch studies. Also these experiments were only performed once and no statistical analysis 

could be performed on the data. The resulting drug content should be regarded as indicative.  

To further investigate the interactions between the adsorbent and pharmaceuticals on the 

surface, the precipitated adsorbent was characterized through XRD and IR analysis. XRD 

analysis was performed to investigate if the pharmaceuticals had crystallized or been adsorbed 

onto the adsorbent in amorphous state. The results from the XRD analysis are shown in Figure 

4.13 (for experiments performed in H2O) and Figure 4.14 (for experiments performed in EtOH).  
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Figure 4.13. XRD diffractogram of VEN (A), SMX (B), CBZ (C) and DFC (D) on MMC (grey line), aMMC (red line) and 

tMMC (blue line), from large batch studies performed in H2O.  

 

 

Figure 4.14. XRD diffractograms of VEN (A) and DFC (B) on MMC (grey line), aMMC (red line) and tMMC (blue line), 

from large batch studies performed in EtOH.  

 

The results from the XRD analysis confirms that all of the pharmaceuticals are amorphous on 

the adsorbent since no diffractogram peaks can be detected in the XRD diffractograms (Figure 

4.13). The only exception was CBZ on MMC and aMMC. The XRD spectra for CBZ on MMC 

and aMMC were further characterized. For CBZ on MMC, the XRD pattern can partly be 

explained by the crystallisation of CBZ on the adsorbent and partly by the formation of 

hydromagnesite (Figure C-1, Appendix C). For CBZ on aMMC, the pattern can be explained 

by the crystallisation of CBZ on the adsorbent and the formation of hydromagnesite and 



31 
 

lansfordite (Figure C-2, Appendix C). The XRD shows that the MMC and aMMC had a 

tendency to crystallize in the presence of CBZ. However, for the other pharmaceuticals, the 

adsorbents were stable. This may be related to the way which CBZ is adsorbed on the surface 

of MMC. Zhang et al. [38] showed that the stability of MMC could be improved after drug 

loading as MMC was no longer able to crystallise, which requires the presence of water. The 

adsorbed drug molecules protected the drug from crystallisation. This, however, was not 

observed for CBZ.   

IR analysis was performed on the precipitated adsorbent to investigate possible interactions 

between the pharmaceuticals and carbonates, and/or modifying agent, on the adsorbent surface. 

The results are shown in Figure 4.15 (for studies performed in H2O) and Figure 4.16 (for studies 

performed in EtOH).   

 

 

 

 

Figure 4.15. IR spectra of pharmaceuticals on MMC, aMMC and tMMC with blank comparison, from large batch studies in 

H2O. Red dotted line marks the CO3
2- stretches for the blank comparison (adsorbent in H2O).  
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Figure 4.16. IR spectra of pharmaceuticals on MMC, aMMC and tMMC with blank comparison, from large batch studies in 

EtOH. Red dotted line marks the CO3
2- stretches for the blank comparison (adsorbent in EtOH). 

 

 

The IR analysis shows that, for all of the pharmaceuticals and adsorbents in H2O, there is an 

observable shift in the signal of the symmetric and asymmetric stretching vibrational modes of 

CO3
2- (Figure 4.15) . One exception is the SMX on tMMC, where no shift was observed. 

However this is not surprising since the TGA analysis revealed no adsorbed SMX on the 

adsorbent. It is not possible, with the information given, to determine exactly what kind of 

interaction that is responsible for the shifts. To answer this, further analysis would have to be 

done to determine what kind of chemical bonds and structures that are present on the surface of 

the adsorbent. However, the results indicates that the carbonate groups of the adsorbents plays 

a role in the adsorption of pharmaceuticals from H2O.  

The same phenomenon was also seen for the adsorption of DFC and VEN in EtOH. On MMC 

and aMMC, a shift in carbonate stretches could be detected. However, none of the 

pharmaceuticals showed a shift in the carbonate stretches for tMMC. The explanation for this 

could be that for adsorption on tMMC in EtOH, hydrophobic Van der Waals interactions 

between the TEPS modifying agent and pharmaceuticals are dominating. Thus, the TEPS 

protects the carbonate groups and keeps them intact.  

For adsorption on aMMC, another possible surface interaction could be between the primary 

amine on the APTES modifying agent and functional groups of the pharmaceuticals. A 

magnification of the amine N-H stretches for the IR spectra of aMMC are shown in Figure 4.17. 
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Figure 4.17. IR spectra of pharmaceuticals on adsorbent aMMC with blank comparison, from large batch studies in H2O 

(left) and EtOH (right). Red dotted line marks the N-H stretches for the blank comparison (aMMC in H2O and EtOH). 

 

The IR spectra of aMMC (Figure 4.17) shows a shift in the vibrational frequencies of the N-H 

stretches of the APTES molecule, for large batch studies performed in H2O. This could either 

be explained by an interaction between the pharmaceuticals and the APTES molecules or by 

changes in the carbonate structure. As discussed previously, the shift of the N-H stretches to 

higher wavenumbers and disappearance of one of the N-H stretching vibrations (visible for 

primary amines) indicates that the APTES modifying agent has reacted and formed secondary 

amines or amides. One possible reaction could be between the amine and the carbonate groups 

of the MMC adsorbent. Changes in the carbonate structure, by interactions with the 

pharmaceuticals, could be responsible for the shift visible in the IR spectra. This shift is not 

visible for the large batch studies performed in EtOH (Figure 4.17), indicating that the amine 

group of the APTES modifying agent is not involved in the adsorption of VEN and DFC from 

EtOH.  
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5 Conclusions  
 

This study presents the first attempt for using MMC and modified MMC (aMMC and tMMC) 

as a filter material to adsorb pharmaceuticals from water. The application is limited by a number 

of factors. Firstly, the stability of the adsorbent in H2O is, as of this day, not sufficient for use 

at longer terms. ASAP analysis confirmed a significant decrease in specific surface area for all 

of the adsorbents, after stirring in H2O for 5.5 h.  XRD confirmed tendencies to crystallise for 

MMC and tMMC, and SEM analysis revealed changes in the surface morphology for these 

species. For aMMC, IR analysis revealed changes in the molecular structure of the modifying 

agent APTES, with shift of the N-H stretching vibration towards higher wavenumbers. More 

studies needs to be done in regards of improving the adsorbent stability in water.  

Secondly, the hydrophilic nature of the adsorbent showed to be a negative factor for adsorbing 

the pharmaceuticals at low concentrations. Making the adsorption very inefficient at low 

concentrations of the pharmaceuticals. Comparative studies in EtOH suggest that the water 

molecules are competing with the DFC on the surface of the adsorbent. At low concentrations, 

this results in zero adsorption of the pharmaceutical, whereas at high concentrations, the 

adsorption capacity of the adsorbents exceeds the adsorption capacity of AC. For all of the 

adsorbents, IR analysis indicated that interactions with the carbonate groups plays a role in the 

adsorption of the pharmaceuticals. Probably this interaction is contributing to the threshold 

concentrations observed, since comparative studies with DFC in EtOH showed that without the 

H2O molecules, the pharmaceutical could be adsorbed also at lower concentrations, eliminating 

the threshold. The only exception to this threshold effect was seen for the adsorption of SMX 

and CBZ on tMMC. For CBZ, with the lowest water solubility, adsorption at low concentrations 

was increased by modifying the MMC with the hydrophobic TEPS modifying agent (tMMC). 

No threshold concentration was visible for this case. For SMX, the adsorption on tMMC did 

not show any threshold concentration, although the overall adsorption capacity was lower than 

for MMC and aMMC. However, for both SMX and CBZ, the more hydrophilic AC, which to 

this day is the adsorbent used for filtering pharmaceuticals from wastewater, has a manifold 

higher adsorption capacity. Overall, the adsorption capacity of AC at lower concentrations was 

manifold higher for all of the pharmaceuticals at low concentrations. Larger, more hydrophilic 

molecules such as stearic acid, could be tried as modifying agents to provide better interactions 

with the hydrophilic pharmaceuticals. However, the adsorbent would still have the disadvantage 

of having lower specific surface area.  

To summarize, the adsorbent would need further improvements in terms of stability and 

favourable surface interactions, before it could be used as a filter material for adsorbing 

pharmaceuticals from wastewater. Such improvements could be modifications with other, more 

hydrophobic, modifying agents. Another possible modification could be a mixture of different 

modifying agents, to increase the number of possible interactions on the surface of the 

adsorbent.   

However, an interesting outcome could be noted from the adsorption studies for the application 

of MMC as a drug carrier. The adsorbent showed very high adsorption capacity of DFC at high 

concentrations in H2O (confirmed by small batch studies and TGA). XRD confirmed 

amorphous structure of the adsorbed DFC and TGA analysis showed a drug content of up to 
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350 mg g-1 (34 wt%). The loading of pharmaceuticals of MMC is usually carried out in organic 

solvents such as EtOH. These results could be interesting in terms of developing cheaper and 

more eco-friendly methods of loading the MMC material when used for pharmaceutical 

applications, minimizing the needs for organic solvents.  
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Appendix A  
 

Calibration Curves for UV-vis Analysis  

Calibration curves for all pharmaceuticals dissolved in deionized H2O are shown in  

Figure A-1 to A-4. Calibration curves for VEN and DFC prepared in absolute EtOH are shown 

in Figure A-5 and A-6 respectively. Limit of detection (LoD) and limit of quantification (LoQ) 

was calculated in accordance with equation A-1 and A-2. [1] 

 

𝐿𝑜𝐷 =
3.3 ∗ 𝑆𝐷𝑅

𝑘
                    (𝐴 − 1) 

    

𝐿𝑜𝑄 =
10 ∗ 𝑆𝐷𝑅

𝑘
                    (𝐴 − 2) 

 

Where SDR is the residual standard deviation of the linear regression and k is the slope factor.  

The calculated LoD and LoQ are listed in Table A-1.   

 

 

Table A-1. Calculated LoD and LoQ for each calibration curve together with corresponding SDB, k and linear range.  

Calibration curve in H2O SDR *103 k *102 LoQ 

(mg L-1) 

LoD 

(mg L-1) 

Linear range 

(mg L-1) 

VEN 0.9 0.4 2 0.7 2 – 500  

SMX 6.5 6.2 1 0.3 1 – 40  

CBZ 8.2 5.2 2 0.5 2 – 35 

DFC 20.3 3.6 7 2 7 – 50 

Calibration curve in EtOH      

VEN 14.5 0.5 31 10 31 – 300 

DFC 15.9 4.1 4 1 1 – 45  
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Figure A-1. Calibration curve for VEN in H2O.  

 

 

Figure A-2. Calibration curve for SMX in H2O.  

 

 

Figure A-3. Calibration curve for CBZ in H2O.  
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Figure A-4. Calibration curve for DFC in H2O.  

 

 

Figure A-5. Calibration curve for VEN in EtOH.  

 

 



44 
 

 

Figure A-6. Calibration curve for DFC in EtOH.  
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Appendix B   
  

TGA curves from large batch studies performed in H2O are showed in Figure B-1 to B-4. TGA 

Curves from large batch studies performed in EtOH are showed in Figure B-5 and B-6.  

 

 

Figure B-1. TGA curve of VEN on MMC (left), aMMC (middle) and tMMC (left), from large batch studies in H2O. The 

figures also includes the curves from corresponding blank material and TGA curve of pure VEN.   

 

 

 

Figure B-2. TGA curve of SMX on MMC (left), aMMC (middle) and tMMC (left), from large batch studies in H2O. The 

figures also includes the curves from corresponding blank material and TGA curve of pure SMX.   

 

 

Figure B-3. TGA curve of CBZ on MMC (left), aMMC (middle) and tMMC (left), from large batch studies in H2O. The 

figures also includes the curves from corresponding blank material and TGA curve of pure CBZ.   
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Figure B-4. TGA curve of DFC on MMC (left), aMMC (middle) and tMMC (left), from large batch studies in H2O. The 

figures also includes the curves from corresponding blank material and TGA curve of pure DFC.   

 

 

 

Figure B-5. TGA curve of VEN on MMC (left), aMMC (middle) and tMMC (left), from large batch studies in EtOH. The 

figures also includes the curves from corresponding blank material and TGA curve of pure VEN.   

 

 

 

Figure B-6. TGA curve of DFC on MMC (left), aMMC (middle) and tMMC (left), from large batch studies in EtOH. The 

figures also includes the curves from corresponding blank material and TGA curve of pure DFC.   
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Appendix C   
 

XRD diffractogram of CBZ on MMC (Figure C-1) and aMMC (Figure C-2) with overlay of 

CBZ powder and reference XRD diffractograms. Reference diffractograms obtained from the 

International Center of Diffraction Data (ICDD) for Hydromagnesite (ICDD, no. 04-013-7631, 

2019) and Lansfordite (ICDD, no. 04-016-1222, 2019)  

 

 

Figure C-1. XRD diffractogram of CBZ on MMC with overlay of CBZ (A) and Hydromagnesite (B) diffractograms.  

 

 

 

Figure C-2. XRD diffractogram of CBZ on MMC with overlay of CBZ (A) Hydromagnesite (B) and Lansfordite (C) 

diffractograms.  

 

 

 

 

 


