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Abstract

Metal ion adsorption of highly mesoporous magnesium
carbonate

Rebecka Löfgren

In this project the adsorption ability of mesoporous magnesium 
carbonate (MMC) for copper (Cu), cobalt (Co), chromium (Cr) and 
arsenic (As) was evaluated. This was done by mixing MMC and dissolved 
metal (of different concentrations) and measuring the concentration 
of the solution before and after addition of MMC with Inductively 
coupled plasma optical emission spectroscopy. Besides MMC, “ordinary” 
magnesium carbonate (MgCO_3) was evaluated for comparison. 
Furthermore, the MMC was characterised with various instruments 
before and after adsorption of the metals. 

The adsorption experiments established that MMC was able to adsorb 
large amounts of Cu, Co and As while MgCO_3 was not. Moreover, it was 
discovered that both materials adsorbed equally large amounts of Cr. 
At higher concentrations of Cu and Co the uptake capacity of MMC 
suddenly dropped. However, for As, it was determined that MMC reached 
saturation at a concentration of ~22 mg/L. An adsorption experiment 
of a mixture of metals of 20 mg/L of each metal could not conclude 
anything about the selectivity of MMC, but the experiment revealed 
that MMC was able to adsorb all of Cu, Co and As rapidly at this 
concentration. 

The characterisation of MMC before adsorption revealed an amorphous 
structure and a high porosity. The structure of MMC after adsorption 
of Cu went from amorphous to crystalline and after adsorption of Co 
and As the structure also became crystalline, but of a lower degree 
than after adsorption of Cu. Furthermore, it was discovered that ion 
exchange also occurred along with adsorption.
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Populärvetenskaplig sammanfattning 

Adsorption av metalljoner hos mesoporös magnesiumkarbonat 

Idag finns det en stor andel av, så kallade, tungmetaller som koppar (Cu), kobolt (Co), krom 

(Cr) och arsenik (As) i avloppsvatten från olika metallindustrier som smältning och 

plåttillverkning. Detta är ett stort miljö- och hälsoproblem då dessa metaller i för höga mängder 

är farliga för människor, djur och natur. Kontakt med och/eller intag av dessa metaller kan leda 

till illamående, irritation av hud och leverskador samt att spridning av dessa metaller i naturen 

kan leda till förstörelse av livsmiljöer. Därför måste dessa metaller tas bort helt från vattnet eller 

minskas till en nivå som inte är farlig för varken miljön eller hälsan. Det finns olika 

väletablerade metoder för att rena vatten från metaller såsom en teknik som kallas adsorption. 

Denna teknik innebär att man tillsätter ett material (adsorbent) i vattnet vars yta metallerna 

fastnar på (adsorberas på). På så sätt kan man fånga upp och samla in alla fria metaller i vattnet.  

Det finns många olika material som kan fungera som adsorbenter varav materialet mesoporös 

magnesiumkarbonat (MMC). Att MMC är mesoporöst innebär att materialet innehåller ett stort 

nätverk av ihåliga porer, vilket gör att metaller kan adsorberas både utanpå och inuti materialet. 

MMC har vid tidigare studier visat sig vara en intressant kandidat för vattenrening och därför 

har MMC utvärderats vidare i denna studie för att undersöka dess adsorberingsförmåga av Cu, 

Co, Cr och As i vatten.  

I detta projekt tillverkades MMC-materialet enligt tidigare etablerade protokoll och därefter 

karakteriserades materialet med olika instrument. Karakteriseringen avslöjade bland annat en 

hög ytarea av MMC-materialet, vilket är en utomordentlig egenskap för adsorption. Detta kan 

jämföras med aktivt kol som på grund av sin höga ytarea används idag för att rena vatten genom 

adsorption.  

Upptagningsförmågan hos MMC undersöktes genom att tillsätta MMC till vattenlösningar 

innehållande de olika metallerna. Dessa lösningar förbereddes genom att lösa upp metallsalt, 

innehållande bland annat metallen av intresse, i vatten. Sedan rördes dessa prover, innehållande 

MMC och metall, om olika länge. För att ta reda på hur lång omrörningstid som behövdes för 

att låta MMC ha tillräckligt med tid på sig för att komma i kontakt med all metall så rördes 

MMC om med varje metall under olika tider, vilket avslöjade att en omrörningstid på tre timmar 

var tillräckligt. Sedan blandades MMC med olika koncentrationer av de olika metallerna för att 

se hur upptagningsförmågan berodde på den initiala metallkoncentrationen. Förutom MMC så 

undersöktes även ”vanlig” magnesiumkarbonat (MgCO3) för jämförelse. ”Vanlig” MgCO3 

innebär att den inte är mesoporös.  

Dessa adsorptionsexperiment avslöjade att MMC kunde adsorbera stora mängder Cu, Co och 

As medan MgCO3 inte kunde det, men det visade sig att både MMC och MgCO3 kunde 

adsorbera lika stora mängder Cr. Vid adsorption av Cu och Co vid högre initiala koncentrationer 

observerades en plötslig nedgång i upptagningsförmågan hos MMC. Det finns en hypotes som 

förklarar detta beteende, men som dock inte har bevistats i detta projekt. Denna hypotes innebär 

att vid låga koncentrationer har metalljonerna gott om tid på sig att adsorberas både utanpå och 

inuti materialet medan vid höga koncentrationer så sker adsorption av metalljonerna vid ytan 

av MMC-materialet för snabbt. Denna snabba adsorption leder till att metalljoner adsorberas 

bara på ytan av materialet och hindrar därmed övriga metalljoner från att ta sig in i materialet 

och adsorberas i porerna. För att undersöka om hypotesen stämmer skulle ett tvärsnitt av MMC 
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efter adsorption av Cu respektive Co kunna undersökas för att kanske se att vid lägre 

koncentrationer är porerna i MMC fyllda av metalljoner medan vid höga koncentrationer är 

porerna tomma. För As å andra sidan nåddes en mättnad i upptagningsförmågan hos MMC. 

Upptagningsförmågan uppmätt hos MMC i dessa adsorptionsexperiment ligger i samma 

intervall för Cu, Co och Cr och till och med högre för As jämfört med andra 

adsorptionsmaterial. 

Efter dessa adsorptionsexperiment undersöktes adsorbenten, MMC, efter adsorption av varje 

metall med olika instrument. Denna undersökning avslöjade att ett nytt ämne med annan 

struktur än MMC bildats efter MMC adsorberat Cu. Ämnet som bildades var en slags 

kopparklorid som troligtvis är en återbildning av metallsaltet (som också var en slags 

kopparklorid) som användes vid beredning av kopparlösningen. Vidare avslöjades att 

strukturen av MMC efter adsorption av Co respektive As inte förändrades avsevärt. Denna 

undersökning visade även att MMC efter adsorption av Cu innehåller en stor mängd koppar och 

ingen magnesium (Mg) alls, vilket tyder på att utöver adsorption så tas också metalljoner bort 

från vattnet genom en process som kallas jonbyte. Detta är en process som i det här fallet 

innebär att Mg i MMC-materialet byts ut mot Cu i vattnet. Mg är att föredra i vattnet jämfört 

med Cu då Mg finns naturligt i olika vattendrag och den enda nackdelen Mg medför är ökandet 

av vattnets hårdhet. MMC efter adsorption av Co respektive As innehöll en del Mg samt Co 

respektive As, men mängden Mg var mindre än den mängd ren MMC innehöll. Detta betyder 

att även här kan jonbyte ha skett jämsides med adsorption.  

Ett sista adsorptionsexperiment utfördes där MMC blandades med en vattenlösning 

innehållande alla metaller samtidigt för att undersöka om MMC föredrar att adsorbera någon 

särskild metall framför de övriga, alltså undersöktes selektiviteten hos MMC. Detta prov rördes 

om under endast en timme eftersom en relativt låg initial metallkoncentration användes. 

Experimentet visade att MMC hade adsorberat samtliga metaller redan efter 10 minuter, vilket 

innebär att fler experiment med andra koncentrationer behöver utföras för att säga något om 

selektiviteten, men detta experiment fastställde att MMC mycket snabbt kan adsorbera Cu, Co 

och As i en metallblandning med koncentrationen 20 mg/L av varje metall.  

Avslutningsvis kan MMC sammanfattas som ett lovande adsorptionsmaterial för Cu, Co, Cr 

och As då upptagningsförmågan av dessa metaller hos MMC är i samma eller högre intervall 

som andra existerande adsorptionsmaterial.  
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1 Introduction 

1.1 Background  

Heavy metal ions such as copper (Cu2+), cobalt (Co2+), chromium (Cr3+) and arsenic (As5+) in 

industrial wastewaters are a major problem for the human health and the environment. The 

industries are responsible for a major part of the contamination of water and soil through the 

disposal of wastewater containing heavy metals [1, 2]. In aquatic ecosystems the heavy metal 

ions might cause the death of aquatic organisms, algal blooms and destruction of habitat through 

sedimentation [3]. Furthermore, the metal ions in wastewaters are able to enter food chains and 

accumulate in humans and animals [4]. Even if a small amount of the metal ions Cu2+, Co2+ and 

Cr3+ is essential or beneficial for humans and animals, an intake of high concentration can cause 

serious health problems. Intake of higher concentrations than recommended of Cu2+, Co2+ and 

Cr3+ can cause nausea and vomiting while a very high intake of Cu2+ and Co2+ can damage liver 

and kidneys respective cause dyspnoea and permanent disability [4, 5, 6, 7]. As5+, on the other 

hand, is not essential for neither humans or animals and is one of the most toxic elements. 

Inorganic As5+ (As which is not bonded to carbon in a compound) might cause irritation of the 

lung and intestines through exposure while uptake of high concentrations might cause cancer 

development and damaging of the brain and DNA. On the contrary, high uptake of organic As, 

does not cause cancer development, but might cause nerve injury. [8] Therefore, it is crucial to 

develop various methods to remove these ions from the industrial wastewaters and to prevent 

their release into natural waters.  

The main industries responsible for heavy metal contamination of ecosystems through 

wastewater streams are industries including electroplating, mining, milling, pigment industries, 

etching, galvanizing and wood processing industries. These industries generate wastewaters 

containing various heavy metals such as Cu, Co, Cr and As [9, 10, 4]. In order to remove these 

heavy metals, from the industrial wastewaters and prevent harm of the environment and the 

human health, different water treatment techniques have been developed. Adsorption is a well-

known and accessible technique that can be used for water treatment. This is a process involving 

the metals adsorbing onto the solid surface of an adsorbent material. [4] The relatively new 

material, mesoporous magnesium carbonate (MMC), has been discovered to be a good 

candidate for adsorption due to its high surface area and may be used to adsorb the heavy metal 

ions in wastewaters. [11] 

 

1.2 Literature review 

1.2.1 Existing processes for removal of metals 

There are several processes for removal of metals from wastewater such as chemical 

precipitation, adsorption, ion exchange and ultrafiltration. Chemical precipitation is a common 

technique for removal of metals which mechanism for removal is the precipitation of an 

insoluble product. This precipitation is created by letting a precipitant react with metal ions 

creating an insoluble metal hydroxide and, in that way, capture the metals. [4] 

Adsorption is a technique using chemical and/or physical forces to bind the adsorbate substance 

in the liquid to the solid surface of the adsorbent. To adsorb heavy metals in water a various 



2 

 

range of materials can be used as adsorbents, for example, minerals, organic materials, zeolites 

and polymeric materials. Adsorption is a popular technique due to the possibility to use cheap 

and available by products from various industries, such as fly ash and iron slags, as adsorbent 

materials. Moreover, it is possible to improve the adsorption by modify the adsorbent material 

in different ways to find the optimal form of the material giving the most successful adsorption. 

[4] 

Ion exchange is another common method for this application. In this technique a solid, called 

ion exchanger, carrying ions that can be exchanged with the metal ions in the water, is used for 

the removal. [4] 

Ultrafiltration is a process that uses membrane and pore size to separate metals, macromolecules 

and suspended solids. The membrane allows water and smaller molecules to pass through while 

larger molecules such as metals are captured since they are too large for slipping through the 

pores in the membrane. [4] 

1.2.2 Existing adsorbents 

Many different adsorbents have been used for the removal of Cu, Co, Cr and As from water, 

the uptake capacities of a few are found in Table 1. The uptake capacity is a measurement, 

usually given in mg/g, describing the amount of adsorbate (metal) in mg that is adsorbed onto 

1 g of adsorbent. Table 1 presents a list of commonly studied adsorbent materials and their 

metal uptake capacity. The uptake capacities for Cu, Co and Cr are higher than those for As, 

but it has to be taken into account that different experimental conditions (e.g. initial 

concentrations) were used for the As adsorption experiments.  

 

1.3 MMC  

The mesoporous magnesium carbonate, MMC, has a specific surface area (SSA) of 800 m2/g 

which is in the range of high surface area materials such as zeolites and carbon nanotubes that 

are today used for adsorption and water treatment. This makes MMC an interesting material for 

adsorption applications. [11]  

1.3.1 Synthesis 

MMC is synthesised using magnesium oxide and methanol under an overpressure of CO2 

(around 4 bar) at room temperature. The porous MMC powder is formed by gelation and drying 

of the synthesis mixture. [11]  

1.3.2 Characterisation 

Several characteristic techniques can be used to establish the properties of MMC. To determine 

the SSA of the MMC material a BET analysis experiment is carried out. Futhermore, the 

techniques X-ray diffraction (XRD), Scanning electron microscopy (SEM) and Fourier 

transform infrared spectroscopy (FTIR) can be used to establish the structure and composition 

of the MMC material. [11]  
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Table 1. The uptake capacity of different adsorbents for Cu, Co, Cr and As. 

Adsorbent Uptake capacity [mg/g] 

 Cu2+ Co2+ Cr3+ As5+ 

Algal powder 

(Ulva lactuca) 

64.5 [9] - 60,9 [9] - 

Algal activated 

carbon 

84.7 [9] - 82 [9] - 

Clinoptilolite 

zeolite. 

96 [1] - 85.1 [1] - 

Activated carbon 

prepared from 

apricot stone 

24.21 [12] 30.07 [12] 29.47 [12] - 

CaCO3–maltose 

hybrid material 

628.93 [13] 393.70 [13]   

Inorganic-organic 

based novel nano-

conjugate material 

 170.17 [10]   

Phenolated wood 

resin 

 32.380 [14] 49.519 [14]   

Zeolite - - - 0.15 [15] 

Zeolite 

impregnated with 

iron oxyhydroxide 

- - - 3.72 [15] 

Iron hydroxide 

and Ca2+ ion 

exchange reaction 

modficated zeolite 

- - - 14.89 [15] 

Slovakian natural 

clinoptilolite 

- - - 0.36 [15] 

Slovakian natural 

clinoptilolite 

modificated with 

manganese oxides 

- - - 4.92 [15] 

Iron-Manganese 

oxide coated sand 

(by-product from 

groundwater 

treatment) 

- - - 4.04 [16] 

Blast furnace slag 

(by-product from 

steel production) 

- - - 0.77 [16] 

 

1.4 Aim  

The aim of the project is to evaluate the adsorption ability of MMC on the heavy metal ions 

Cu2+, Co2+, Cr3+ and As5+ in solution. MMC will be synthesised using previously established 

techniques and be characterised by FTIR, XRD, SEM and gas sorption.   
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To evaluate the adsorption ability of MMC the material will be mixed with individual standard 

solutions of each of the heavy metal. Since the uptake capacity of adsorbents depends on various 

variables, such as initial heavy metal concentration, mixing time, temperature and pH, it was 

decided that this project will first focus on one variable, namely the initial metal concentration. 

Therefore, different metal concentrations will be used to monitor the adsorption of heavy metal 

onto MMC and the metal concentrations of the sample solutions will be analysed with 

Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES). Magnesium 

carbonate (MgCO3) will also be examined in the same way as MMC in order to evaluate the 

performance of MMC.  

 

2 Theory 

2.1 Adsorption and ion exchange theory 

2.1.1 Adsorption 

Adsorption is a phenomenon involving accumulation of adsorbates (molecules) onto a surface 

of an adsorbent in a mono- or multilayer. The underlying cause of adsorption is residual forces 

at the surface of the adsorbent which attract and retain molecules that encounters the surface. 

[17] 

There are different kinds of adsorption, namely physisorption and chemisorption. The 

difference between these are the acting attraction forces between adsorbate and adsorbent. If 

the forces are weak Van der Waals forces or dipole interactions the adsorption is physical, but 

if the forces are chemical bonds the adsorption is chemical. [17] 

2.1.2 Ion exchange 

Ion exchange is a reversible reaction involving the interchange of ions. The interchange of ions 

occurs between a solid phase and a solution phase. The solid phase, called the ion exchanger, 

is insoluble in the solution that contains free moving ions and is where the exchange takes place. 

An ion exchange reaction can be visualised by following the reaction: 

𝑀−𝐴+ + 𝐵+  ⇌  𝑀−𝐵+ +  𝐴+ 

M-A+ is the solid containing A+, the exchanger ions, and is placed in the solution where B+ ions 

are moving freely. This leads to the exchange of A+ and B+ resulting in the solid M-B+ and 

freely moving A+ ions. [18] 

In the case of MMC, it is the Mg2+ in MMC that is available for ion exchange with the heavy 

metal ions in the water.  

 

2.2 Characterisation techniques 

2.2.1 Inductively coupled plasma optical emission spectrometry  

Inductively coupled plasma optical emission spectrometry (ICP-OES) is a qualitative and 

quantitative analytical technique applicable on a wide range of elements. In this technique the 

sample, dissolved in a liquid (typically deionized water), is introduced to an argon plasma where 
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the solvent is removed from the aerosol leaving salt particles that are decomposed to atoms and 

ions. These atoms and ions are then excited in the plasma. When the excited atoms and ions are 

returning to the ground state they emit electromagnetic radiation that is measured. The intensity 

of the radiation quantifies the element and the wavelengths of the emitted rays identifies the 

element. The detection limit of the technique is in the ppb range. [19]  

2.2.2 Porosity analysis by BET analysis 

BET analysis is a technique that estimates the surface area and porosity of materials through 

gas sorption. The surface area of the material is determined by letting gas molecules adsorb to 

the adsorbent material and produce a monolayer that covers the whole surface. The number of 

molecules required for this monolayer multiplied by the cross-sectional area of an adsorbent 

molecule results in the surface area of the material. The porosity of the material, on the other 

hand, is determined by letting the pores of the material become filled with gas molecules. 

Knowing the mass of the sample the volume of gas adsorbed, the pore volume can be calculated. 

[20, 21]  

2.2.3 Fourier Transform Infrared Spectroscopy 

Fourier Transform Infrared Spectroscopy (FTIR) is a method that can identify unknown 

materials, determine the amount components in a mixture and determine the quality and 

consistency of the sample. The sample is exposed for IR radiation where some of the radiation 

is absorbed and some is transmitted. An interferometer allows the instrument to measure several 

wavelengths simultaneously which results in an interferogram. The interferogram is then 

translated to a spectrum with help of the Fourier transform algorithm. In the spectrum the 

absorption or transmittance is a function of the wavenumber. The infrared spectrum is a 

fingerprint of the sample, unique for each molecular structure, making it a powerful instrument 

for analysis. [22, 23]  

2.2.4 X-ray Powder Diffraction  

X-ray Powder Diffraction (XRD) is a method mostly used to identify unknown crystalline 

materials. In this method the sample is exposed to X-rays and both sample and detector is 

rotating. This rotation makes it possible to record different X-rays with different angle of 

incidence. Certain angles of incidence result in constructive interference which results in a peak 

in intensity. The scattered intensity is presented as a function of outgoing direction (angle) in a 

diffractogram. [24, 25]  

2.2.5 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is a method that gives sample information such as size, 

shape, composition and crystallography on microscopic scale by creating a magnified image of 

the specimen. SEM is using a focused beam of electrons to scan the specimen in a x-y pattern 

of closely packed locations. The interactions between the beam and specimen at each location 

produces electrons which outgoing signals are measured with electron detectors. The detectors 

digitize and record the signals to determine the grey level at the corresponding x-y location and 

in that way forming a single picture element (pixel). Specimens that are insulating must be 

coated with a conductive layer since they will develop a surface electrical charge if uncoated. 

[26] 
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3 Experimental 

3.1 Synthesis of MMC 

The first step of the synthesis of MMC was to measure up 150 mL of methanol (VWR) and 

transfer it to a clean and dry glass reaction vessel (Andrew glass company, USA). Then 10 g of 

MgO (Sigma-Aldrich) along with a magnetic stirrer were added to the flask. The flask was first 

flushed with CO2 (g) for 30 seconds without having the flask cap fully closed. After 30 seconds 

the cap was closed properly onto the flask and the dispersion was mixed at 500 rpm for 24 hours 

under a CO2 flow of 4 bar. Thereafter the dispersion was centrifuged at 3800 rpm for 30 minutes 

and then the supernatant was transferred to a beaker. The beaker was placed in a water bath and 

the liquid was stirred until a moist free flowing granulate gel was observed. At last the gel was 

dried in an oven at 150˚C for 24 hours.  

3.2 Characterisation of MMC  

The synthesised MMC was characterised with BET analysis, FTIR, XRD and SEM. For the  

BET analysis the instrument Micromeritics ASAP 2020 porosity analyzer (Micromeritics, 

Norcross, USA) was used. Before analysis, the samples were degassed with Micromeritics 

Smart VacPrep instrument (Micromeritics Instrument Corporation, Norcross, USA) at 100˚C 

for 6 hours in dynamic vacuum. Then the BET analysis was performed in 77K (liquid nitrogen).   

The FTIR analysis was performed with Bruker Tensor 27 (Bruker, Billerica, USA) using a 

platinum attenuated total reflectance multiple crystal diamond accessory. The resolution was 4 

cm-1 and a scan time of 32 scans was used for background and samples.  

The Bruker D8 Advance Twin-Twin (Bruker, Bremen, Germany) instrument was used for the 

XRD analysis. For the analysis the Cu kα radiation of λ = 1.5418 Å, the acceleration voltage of 

40 kV and the current of 40 mA was used. The measurement range was 2θ=10-80˚, the step 

size was 0.04 degrees and the step-time was 2 seconds.  

At last the MMC was characterised with SEM. The SEM instrument used was Zeiss LEO 1550 

(Oberkochen, Germany) and the samples were coated with gold-palladium using a Polaron 

SC7640 sputter coater (Thermo VG Scientific, Waltham, USA).  

3.3 Initial screening of MMC as an adsorbent 

The first adsorption experiment was performed to determine what agitation time that is suitable 

for MMC and these heavy metal ions. For this experiment an initial concentration of 75 mg/L 

and 1 mg/L was used for Cu, Co, Cr and As respectively. The metal solutions were prepared by 

dissolving following salts: CuCl2, CoCl2, CrCl3 and Na2HAsO4⸱7H2O, all ordered from Sigma-

Aldrich, in Milli-Q water. 30 mL of each metal solution was mixed with 30 mg MMC and the 

Cu, Co and Cr samples were agitated for 10, 30, 60, 120 and 180 minutes while the As samples 

were agitated for 10, 30, 45, 60, 120 and 180 minutes. After agitation the samples were 

centrifuged at 3800 rpm for 10 minutes and then the liquid was collected. The collected liquid 

was made 2% HNO3 before measuring the metal concentration of it using the PerkinElmer ICP-

OES Avio 200. (This ICP-OES instrument required 2-5% HNO3 samples). For the ICP-OES 

analysis a blank solution of 2-5% HNO3 and Perkin Elmer Pure standards of 2% HNO3 were 

used. The plasma view of the ICP-OES was set to axial mode and the measurement was set to 

3 replicates.  
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3.4 Adsorption of metal ions on MMC 

A second adsorption experiment was performed to evaluate how the uptake capacity of MMC 

is depending on the initial metal concentration. In this experiment metal samples, of the same 

volume as in the previous experiment, with different initial concentrations, ranging from 20 

mg/L to 1250 mg/L (all precise concentrations can be found in table 2) were agitated for 3 hours 

with the same amount MMC as before. In this experiment MgCO3 (Sigma-Aldrich) was also 

evaluated as adsorbent using the same amount that was used as for MMC. After 3 hours of 

agitation the samples were centrifuged, and the concentrations were measured with ICP-OES 

as done before.  

Table 2. The initial concentrations of the metal solutions used in the second adsorption experiment.  

Concentrations [mg/L] 

Cu Co Cr As 

MMC MgCO3 MMC MgCO3 MMC MgCO3 MMC MgCO3 

50 50 20 20 20 20 0.5 0.5 

75 100 50 50 50 50 1 1 

100 200 75 100 75 100 5 5 

200 300 100 130 100 150 10 10 

300 500 130 160 150 250 15 15 

500 750 160 200 250 350 50 50 

750 1000 200 250 350  100 100 

1000 1250 250 500   150 150 

1250  500 750     

  750 1000     

  1000      

 

3.5 Characterisation of MMC after metal adsorption 

To characterise the MMC after adsorption of Cu, Co and As, a batch experiment was performed. 

In this batch experiment a sample volume of 45 mL and a MMC amount of 45 mg were used 

and the samples were shaken for 3 hours. After agitation the samples were centrifuged, in the 

same way as previous samples, and then washed with fresh deionized water. The centrifuge and 

washing steps were repeated three times. At last the water was removed and the solid were air 

dried and then grinded to a fine powder. The powder of each metal was analysed with XRD, 

FTIR and SEM according to section 3.2, but also analysed with ICP-OES in the same way as 

described in section 3.3.  

3.6 Adsorption of a mixture of metals    

A third adsorption experiment was performed to evaluate the selectivity of the adsorption of 

MMC. In this experiment MMC was mixed with a mixture of metals of Cu, Co and As during 

different agitation times. The concentration of each metal was 20 mg/L and the different 

agitation times were 10, 20, 30 and 60 minutes. This experiment was performed in the same 

way as earlier adsorption experiments (see section 3.4).  
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4 Results and Discussion 

4.1 Characterisation of the synthesised MMC 

The synthesised MMC was characterised using various techniques. First, the porosity of the 

MMC was analysed with the ASAP instrument as described in the experimental section 3.2. 

The adsorption isotherm is presented in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The adsorption isotherm of the synthesised MMC. 

The adsorption isotherm visualised in Figure 1 is showing characteristic features of a 

mesoporous adsorbent material indicating the synthesised MMC was highly porous [27]. The 

surface area of the MMC material was calculated to be 754 m2/g which corresponds to literature 

[11]. Furthermore, the MMC was analysed with FTIR which spectrum is presented in Figure 2.  

The absorption bands referred to the range of wavenumbers 3900-2750 cm-1 in Figure 2 

corresponds to OH-groups [28] and the absorption bands at 1427 cm-1, 1026 cm-1 and  

848 cm-1 represent a carbonate group, corresponding to literature [11]. The MMC was also 

analysed using XRD which diffractogram is presented in Figure 3.  

The XRD diffractogram in Figure 3 reveals an amorphous phase between θ=20˚-35˚, as 

confirmed by literature [11]. Sharp peaks are possible to obtain at higher scattering angels and 

refer to unreacted crystalline MgO according to literature [11], but those peaks were not 

obtained during this characterisation step. At last the MMC was analysed with SEM which 

image can be found in Figure 4.  
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Figure 2. The FTIR spectrum of the synthesised MMC. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. The XRD diffractogram of the synthesised MMC. 

The image in Figure 4 displays the non-crystalline appearance of MMC, as established in 

literature [11]. The particles are of irregular shape and no repetitive pattern can be observed 

indicating that the MMC is not a crystalline material. For clarification, Figure 4 is showing the 

surface of MMC, meaning that both the white particles and the smaller grey ones are all 

irregular shaped MMC particles. The results from FTIR, XRD and SEM will be used as 

reference in future experiments. 
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Figure 4. The SEM image of the synthesised MMC. The scale bar is 200 nm. 

4.2 Initial screening of MMC as an adsorbent 

MMC was evaluated as an adsorbent for various metals in aqueous solution. The first adsorption 

experiment was performed at a fixed concentration to determine the time MMC requires to 

adsorb the metal ions. The fixed initial concentration used for Cu, Co and Cr was 75 mg/L and 

the results of the decrease in metal concentration over time are presented in Figure 5.  

 

 

 

 

 

 

 

 

 

 

Figure 5. The decrease in metal concentration of Cu (grey), Co (red) and Cr (blue) during different agitation 

times with an initial concentration of 75 mg/L. 

Figure 5 shows that the adsorption of Cu, Co and Cr onto MMC was rapid and that full 

adsorption was accomplished after ~30 minutes. (The concentration of Cu seems to increase 

over time and might be due to measurements uncertainties of the samples.) However, the fixed 

initial concentration used for As was 1 mg/L and the results of the decrease in metal 

concentration over time are presented in Figure 6.  
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Figure 6. The decrease in metal concentration of As during different agitation times with an initial concentration 

of 1 mg/L. 

As observed in Figure 6, basically full adsorption of As onto MMC was accomplished after 

~180 minutes. Based on the results presented in Figure 5 and 6, it was concluded that 3 hours 

of agitation time is enough for continued adsorption experiments with different initial metal 

concentrations.  

4.3 Adsorption of metal ions on MMC 

The second adsorption experiment was carried out to evaluate how the uptake capacity of MMC 

for the different metal ions is depending on the initial metal concentration. Besides MMC, the 

uptake capacity of MgCO3 was also evaluated for comparison. The results of the samples are 

presented in two ways in this section. They are presented as the uptake capacity as a function 

of the concentration before addition of MMC (initial concentration) and also as the uptake 

capacity as function of the concentration after agitation with MMC for 3 hours (final 

concentration). This means that the same sample is presented two times.  

In Figure 7 the uptake capacity of MMC and MgCO3 for Cu at various initial concentration is 

presented. Figure 7 shows that MMC adsorbs large amounts of Cu until a specific concentration 

while MgCO3 does not adsorb Cu at low concentrations, but suddenly does at higher 

concentrations. The uptake capacity of the MMC increases with increasing initial concentration 

up to an initial concentration of 750 mg/L as observed in the left graph in Figure 7. At even 

higher initial concentrations there is an abrupt drop in the uptake capacity of MMC. (There is a 

hypothesis for this behaviour which is described in section 4.4.5.)  
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Figure 7. The uptake capacity of MMC (green) and MgCO3 (red) for Cu. The uptake capacity as a function of 

initial concentration in the left graph and the uptake capacity as a function of final concentration in the right one. 

The agitation time was 3 hours. 

The right graph in Figure 7 shows several points at a final concentration of ~0 mg/L which 

indicate that all Cu was adsorbed. These points correspond to the first six points lined up on a 

straight line in the left graph. The seventh point in the left graph departs from the straight line 

because not all Cu is adsorbed and therefore, the seventh point in the right graph is the first 

point not appearing at a final concentration of 0 mg/L. The last two points in the right graph is 

representing the drop in uptake of Cu, their final concentrations are quit high and the uptake 

capacities are low. MgCO3 on the other hand did not adsorb Cu at low initial concentrations as 

observed in the left graph in Figure 7. Not until an initial concentration of 500 mg/L, the fifth 

point, the MgCO3 started do adsorb Cu. Therefore, the first four points in the right graph in 

Figure 7 have low uptake capacities and final concentrations not close to 0 while the fifth and 

sixth points have significant higher uptake capacities and final concentrations closer to 0 than 

several lower initial concentrations. The two last points in the graphs show a drop in uptake 

capacity of MgCO3 as observed for MMC. In summary, MMC is adsorbing all Cu until an 

initial concentration of 750 mg/L and at higher initial concentrations the uptake capacity is 

decreasing resulting in increasing final concentration. MgCO3 on the other hand is not 

adsorbing Cu at all until a concentration of 500 mg/L where suddenly the material starts to 

adsorb Cu resulting in a lower final concentration than previous samples (previous initial 

concentrations).  

The uptake capacity of MMC and MgCO3 for Co at various initial concentration is presented 

in Figure 8 which shows that MMC is able to adsorb Co while MgCO3 is not. As observed in 

the left graph in Figure 8 the uptake capacity of MMC for Co is increasing with increasing 

initial concentration until the initial concentration of 750 mg/L where a sudden drop in uptake 

capacity is observed. The points lined up in a straight line in the left graph in Figure 8 

correspond to the points having a final concentration of ~0 mg/L in the right graph indicating 

that all Co is adsorbed onto MMC at these initial concentrations. The last two points in the right 

graph represent the sudden drop in uptake since the uptake capacity is much lower than for 

earlier points and the final concentration is far from 0 mg/L (observed in the right graph). 

Contrarily from MMC, MgCO3 did not adsorb Co at all since all points, representing all 

measurements, are close to the bottom in both graphs in Figure 8. In short, the MMC adsorbs 

all Co until an initial concentration of 500 mg/L and at higher initial concentrations the uptake 
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capacity is decreasing which results in higher final concentration. MgCO3 on the other hand is 

not adsorbing Co at all.  

Figure 8. The uptake capacity of MMC (green) and MgCO3 (red) for Co. The uptake capacity as a function of 

initial concentration in the left graph and the uptake capacity as a function of final concentration in the right one. 

The agitation time was 3 hours. 

In Figure 9 the uptake capacity of MMC and MgCO3 for Cr at various initial concentration is 

presented and shows that both MMC and MgCO3 are able to adsorb Cr.  

Figure 9. The uptake capacity of MMC (green) and MgCO3 (red) for Cr. The uptake capacity as a function of 

initial concentration in the left graph and the uptake capacity as a function of final concentration in the right one. 

The agitation time was 3 hours.  

The left graph in Figure 9 shows that MMC and MgCO3 adsorb equal large amounts of Cr and 

the right graph shows that both materials adsorb basically all Cr since the final concentrations 

of all samples are close to 0 mg/L. Since there is no difference of the adsorption ability between 

the materials it was decided to end the experiments of Cr.  

At last, the uptake capacity of MMC and MgCO3 for As at various initial concentration is 

presented in Figure 10 which shows that MMC has the ability to adsorb As while MgCO3 has 

not.  
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Figure 10. The uptake capacity of MMC (green) and MgCO3 (red) for As. The uptake capacity as a function of 

initial concentration in the left graph and the uptake capacity as a function of final concentration in the right one. 

The agitation time was 3 hours. 

As observed in the left graph in Figure 10 the uptake capacity of MMC for As is increasing 

with increasing initial concentration until the initial concentration of 50 mg/L where the uptake 

capacity starts to subside. This means that MMC is saturated and the maximum uptake capacity 

of MMC for As is around 22 mg/g. The right graph shows that up to the fourth point, 

representing 20 mg/L, all As is adsorbed onto MMC since the final concentration is ~0 mg/L. 

The remaining points in the right graph are also showing the saturation behaviour of MMC as 

the left graph. Unlike MMC, MgCO3 is not adsorbing As at all since the points in both graphs 

are at the bottom meaning the uptake is low. In summary, the MMC is adsorbing all As until 

an initial concentration of 15 mg/L and thereafter MMC is saturated of As indicating that the 

maximum uptake capacity is 22 mg/g. At last, it can be concluded that MgCO3 is not able to 

adsorb As.  

The graphs presented in this section dispalys that the uptake capacity of MMC for these metals 

is in the higher range compared to literature (see Table 1) and indicate that MMC is a promising 

candidate for removal of metals from water solutions. The uptake capacity of MMC for As is 

even higher than the uptake values in Table 1 showing clearly that MMC is an interesting 

adsorbent material.  

4.4 Characterisation of MMC after metal adsorption 

The adsorbent, the MMC material, was characterised after adsorption of each metal with a 

variety of instruments, namely XRD, FTIR, SEM and ICP-OES, which results are presented in 

the following sub-sections.  

4.4.1 X-ray diffraction analysis 

The results from the XRD analysis of the MMC after adsorption of Cu are visualised in Figure 

11 which is showing that the MMC after adsorption of Cu is not amorphous like pure MMC is.  
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Figure 11. The XRD diffractogram of pure MMC (red) and the XRD diffractogram of the adsorbent after 

adsorption of Cu (black). 

The black diffractogram of MMC after adsorption of Cu in Figure 11 is showing a crystalline 

phase and is therefore very unlike pure MMC (the red diffractogram) that is amorphous. A 

reference spectrum that fits the black diffractogram in Figure 11 is presented in Figure 12.  

 

 

 

 

 

 

 

 

 

Figure 12. The XRD diffractogram of Cu2Cl(OH)3, Anatacamite (red) and the XRD diffractogram of the adsorbent 

after adsorption of Cu (black). 

The similarity in where the peaks appear in the diffractogram of the adsorbent after adsorption 

of Cu (black diffractogram in Figure 12) and the reference spectra (red diffractogram of 

Cu2Cl(OH)3, Anatacamite), indicates that the crystalline phase formed is Anatacamite, 

Cu2Cl(OH)3. This substance was probably produced by recrystallisation of the dissolved metal 

salt which might be caused of insufficient washing of the adsorbent material. This result does 

not discard the earlier adsorption results of Cu since the concentration of Cu in the solution was 

lower after addition of MMC indicating that Cu in some way was removed from the water 

solution. Therefore, it is likely to suggest that Cu was adsorbed onto MMC as Cu ions or as this 

Cu complex.  

The XRD results of MMC after adsorption of Co are presented in Figure 13 which is showing 

the likeness of MMC before and after adsorption of Co.  
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Figure 13. The XRD diffractogram of pure MMC (red) and the XRD diffractogram of the adsorbent after 

adsorption of Co (black). 

The XRD diffractogram of the MMC after adsorption of Co (the black diffractogram in Figure 

13), is not significantly different from the one of pure MMC (the red diffractogram). The MMC 

material is remained amorphous after adsorption of Co since the peak of the amorphous phase 

at θ=20˚-35˚ is observed in both diffractograms.  

In Figure 14 the XRD results of MMC after adsorption of As are presented, in which the 

likeness of MMC before and after adsorption of As can be observed. 

 

 

 

 

 

 

 

 

 

Figure 14. The XRD diffractogram of pure MMC (red) and the XRD diffractogram of the adsorbent after 

adsorption of As (black). 

The XRD diffractogram of pure MMC and the one of MMC after adsorption of As are very 

alike since the peak between θ=20˚-35˚ is observed in both diffractograms and no other peaks 

appears in neither of the diffractograms (see Figure 14). This indicates that the MMC material 

is remained amorphous after adsorption of As.   

4.4.2 Fourier transform infrared spectroscopy analysis  

The results from the FTIR analysis of the MMC after adsorption of Cu are visualised in Figure 

15 which is showing that the structure of MMC after adsorption of Cu is different than for pure 

MMC.  
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Figure 15. The FTIR spectrum pure MMC (upper spectrum) and the FTIR spectrum of the adsorbent after 

adsorption of Cu (lower spectrum).  

The absorption bands of the FTIR spectrum of pure MMC (upper spectrum in Figure 15) looks 

different and new bands appear after adsorption of Cu at other wavenumbers (lower spectrum) 

when compared with MMC. This suggests that the structure of MMC after adsorption of Cu is 

different from the one of pure MMC as established with the XRD results discussed in section 

4.4.1. The XRD analysis revealed that the substance formed after adsorption of Cu is 

Cu2Cl(OH)3 which corresponds to the obtained FTIR spectrum (lower spectrum in Figure 15) 

when compared to literature [29]. For example, the two close bands at ~3300 cm-1 and ~3450 

cm-1 corresponds to hydroxyl groups and the bands close to ~900 cm-1 corresponds to modes of 

Cu3O3H. [29] 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. The FTIR spectrum pure MMC (upper spectrum) and the FTIR spectrum of the adsorbent after 

adsorption of Co (lower spectrum). 
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In Figure 16 the FTIR results of the MMC after adsorption of Co are visualised and are showing 

the likeness of pure MMC and MMC after adsorption of Co. There is no significant difference 

between the spectra in Figure 16 indicating that MMC after adsorption of Co has the same 

structure as pure MMC. The bands of both spectra look alike and are appearing at the same 

wavenumbers indicating that the OH groups and carbonate groups make up the structure of the 

MMC after adsorption of Co as of MMC before adsorption.  

At last, the FTIR results of MMC after adsorption of As are visualised in Figure 17 which are 

showing the likeness of the structure of pure MMC and of MMC after adsorption of As.  

Figure 17 is showing that the structure MMC before and after adsorption of As do not differ 

since the bands, in both spectra in Figure 17, look alike and appears at the same wavenumbers. 

This means that the structure of MMC after adsorption of As consists of OH groups and 

carbonate groups as of pure MMC.  

 

 

 

 

 

 

 

 

 

 

 

Figure 17. The FTIR spectrum pure MMC (upper spectrum) and the FTIR spectrum of the adsorbent after 

adsorption of As (lower spectrum). 

4.4.3 Scanning electron microscopy analysis 

SEM was also used for characterisation of the adsorbent after adsorption of the metals. The 

result of the analysis of MMC after adsorption of Cu is presented in Figure 18 which is showing 

a crystalline structure.  

The image visualised in Figure 18 is showing a crystalline structure of the XRD identified 

Cu2Cl(OH)3. Rectangular blocks of crystals are observed, which makes the structure of pure 

MMC (Figure 4) and MMC after adsorption of Cu different.  

In Figure 19 the SEM image of MMC after Co is presented and is visualising a crystalline 

structure.  
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Figure 18. SEM image of MMC after adsorption of Cu. The scale bar is 200 nm.  

 

 

 

 

 

 

 

 

 

 

 

Figure 19. SEM image of MMC after adsorption of Co. The scale bar is 200 nm. 

The image in Figure 19 is showing a structure that consists of small regularly shaped “spike-

particles” implying a crystal structure. However, these crystals are too small to be detected by 

XRD, but the SEM analysis confirms that MMC after adsorption of Co is crystalline and is 

therefore different form pure MMC (see Figure 4). 

The SEM image of MMC after adsorption of As is presented in Figure 20 and shows a structure 

that is not obvious crystalline. The structure of MMC after adsorption of As, visualised in 

Figure 20, does not show any obvious crystalline features, but a pattern of regularly shaped 

round particles may be observed. This mean that the structure of MMC after adsorption of As 

is a bit different from pure MMC (Figure 4), but it is hard to tell if the adsorbent after adsorption 

is remained amorphous or if it has formed a crystalline structure.  
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Figure 20. SEM image of MMC after adsorption of As. The scale bar is 200 nm. 

4.4.4 Inductively coupled plasma optical emission spectrometry analysis 

The adsorbent after adsorption of metal was dissolved in an acid solution and then the metal 

concentration of the solution was measured with ICP-OES. The concentrations of the samples 

are presented in Table 3.  

Table 3. The heavy metal and Mg content of each dissolved sample.  

Sample Heavy metal [Wt%] Mg [Wt%] 

MMC after adsorption of Cu 51.6 0 

MMC after adsorption of Co 21.7 10.6 

MMC after adsorption of As  1.8 19.5 

MMC - 28.4 

 

In case of the MMC after adsorption of Cu, the Cu content on the adsorbent is very high and 

the Wt% of Mg is 0 which is indicating that a lot of Cu has been removed from the water 

through adsorption and/or ion exchange (see Table 3). Since there is no Mg left it is most likely 

that all Mg in the solid has been exchanged with Cu. This means that instead of Cu, Mg is 

dissolved in the water. Mg is a natural occurring metal in water since Mg occurs in natural 

carbonate minerals that are washed from rocks ending up in waters, and besides that, Mg is 

essential for humans, animals and plants [30]. The only environmental problem Mg results in 

is water hardness which weakens the cleansing effect of detergents resulting in use of softeners 

and/or more amount of detergent which complicates water treatment [30]. Even though Mg is 

causing water hardness it is less harmful than Cu (whose effects have been described earlier in 

this report, see section 1.1) and is therefore preferable to have in the water. The Co content on 

the adsorbent is high while the Mg content is relatively low suggesting that ion exchange may 

have appeared along with adsorption. The initial concentration of both Co and Cu was 750 

mg/L, but according to Table 3 more Cu was removed from the water than Co. This corresponds 

to the result presented in Figure 7 and Figure 8, the uptake of Cu is higher than that of Co at 

750 mg/L. The As content on the adsorbent is very low compared to the other heavy metals 

which is expected since the initial As concentration (100 mg/L) was much lower than the 

concentrations of Cu and Co. Therefore, it is also expected to get a high Mg content since, if 
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ion exchange has taken place, not much have been exchanged since the As content was low 

from the beginning.  

4.4.5 Hypothesis explaining the drop in uptake of MMC 

The drop in uptake of MMC at high initial concentration, seen in Figure 7 and 8, may be 

explained by a hypothesis that is considering the rate of the reaction. The hypothesis implies 

that at lower concentration the reaction at the surface of the material is slow while at higher 

concentration the reaction is faster. A slower reaction leads to a slower metal ion adsorption, 

suggesting that the ions have time to both adsorb onto the surface and to diffuse into the 

material. However, at higher concentration the ions do not have this option since the reaction 

happens rapidly at the point of contact between metal and adsorbent. This may result in a 

large amount of metal ions adsorbing onto the surface preventing other metal ions from 

diffusing into the pore system of the MMC material. This phenomenon is illustrated 

schematically in Figure 21. 

Figure 21. Schematic illustrations of the hypothesis explaining the drop in uptake of MMC. The illustration to the 

left represents the adsorption at lower concentration and the one to the right represents the adsorption at higher 

concentration. 

As seen in the left illustration in Figure 21 the metal ions is adsorbed onto the surface of MMC, 

but also inside the material at lower concentration while at higher concentration the surface is 

covered of ions not letting any ions inside the material, as illustrated to the right in Figure 21. 

This hypothesis may be the explanation for the drop in uptake of MMC for both Cu and Co.  

To evaluate the hypothesis and find out if it is correct Transmission electron microscopy (TEM) 

could be used. By investigating and comparing cross sections of the adsorbent after adsorption 

of Cu and Co at low respective high concentrations it may be possible to see a difference in 

where the metal ions are adsorbed. Perhaps it is possible to observe a more filled pore system 

at a low concentration than at a high concentration, thus an empty and hollow pore structure 

would be observed at a high concentration.  

4.5 Adsorption of a mixture of metals 

To evaluate the selectivity of the adsorption of MMC an adsorption experiment of a mixture of 

metals with an initial concentration of 20 mg/L of each metal (thus 20 mg/L Cu, 20 mg/L Co 
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and 20 mg/L As) was performed. The concentrations of Cu, Co and As were measured during 

different time points. The results of this adsorption experiment are presented in Figure 22 which 

are showing a rapid decrease in concentration for all metals.  

Figure 22 is showing a rapid decrease in concentration for all metals. Already after 10 minutes 

basically all metals were adsorbed, and it is not possible to determine what metal MMC prefer 

to adsorb since everything of each metal was adsorbed in principal simultaneously. Thus, this 

experiment does not indicate any selective adsorption of MMC between the metals, due to the 

low concentration of 20 mg/L since the MMC had no problem adsorbing everything. Perhaps a 

higher concentration would result in selective uptake.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22. The decrease in metal concentration in a mixture of Cu, Co and As in presence of MMC over time. 

Initial concentration of each metal was 20 mg/L.   

 

5 Conclusions 

In this project adsorption experiments of MMC and Cu, Co, As and Cr have established MMC 

as a potential adsorbent for removal of Cu, Co, As and Cr from water solutions. MMC is able 

to adsorb large amounts of the first three metals mentioned while MgCO3 is not. Moreover, it 

was discovered that both materials adsorbed equally large amounts of Cr. Compared to 

adsorbents found in literature MMC is clearly an interesting candidate since the uptake capacity 

is in the range of adsorbents used today for metal removal.  

Regarding the uptake capacity of Cu and Co, apparently something else is happening at higher 

concentrations since a sudden drop in uptake occurs at higher initial concentration for these 

metals. The hypothesis involving the reaction rate of the adsorption process could not be 

explained in this report and must be more investigated.  

The characterization of MMC before and after adsorption of the metals revealed that the 

structure of MMC after adsorption of Cu went from amorphous to crystalline and that the 

substance Cu2Cl(OH)3 was formed. Moreover, it was discovered that the uptake of metals may 
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not only involve adsorption since the ICP-OES results of the adsorbent after adsorption of metal 

indicate that it is possible that ion exchange also takes place. 

At last, it was established that MMC is able to rapidly adsorb all of the metals in a mixture of 

Cu, Co and As with an initial concentration of 20 mg/L of each metal.  

 

6 Recommendations 

For future evaluation of the ability of MMC to remove Cu, Co, Cr and As from water solutions 

it is recommended to test how other variables than initial concentration affect the ability such 

as different pH. Furthermore, it would be interesting to examine the selectivity of the adsorption 

of MMC in a mixture of several metals. To do that higher concentrations is needed than the one 

used in this project since MMC adsorbed all metals directly and no selectivity could be 

observed. The drop in uptake capacity for Cu and Co should be more investigated to confirm 

the hypothesis presented in this report or to find another explanation.  
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