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Abstract 

Micropollutants escaping conventional wastewater treatment processes pose a threat to biota 

and the environment. Amongst micropollutants, small and ionizable organic compounds are 

particularly challenging, since their removal depends significantly on prevailing conditions. 

In this study, anionic cellulose nanofibrils (CNFs) were shown to perform as promising 

adsorbents for an ionizable pharmaceutical, salbutamol. The adsorbents were produced from 

wood cellulose through succinylation pretreatment in urea-LiCl deep eutectic solvent (DES), 

followed by a nanofibrillation procedure. The impact of pH, contact time, salbutamol 
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concentration, and adsorbent dose on salbutamol uptake were investigated in batch adsorption 

studies. Based on the results, the chemical modification of cellulose significantly enhanced 

the adsorption of salbutamol. The adsorption efficiency was mainly dependent on the charge 

and colloidal stability of the anionic nanofibril suspension rather than the charge of 

salbutamol, because the adsorption was considerably improved at pH>7 due to the 

deprotonation of the cellulose carboxyl groups. The experimental maximum adsorption 

capacity was 196 mg/g. This study highlights the potential of cellulose nanomaterial 

adsorbents and the importance of controlling the charge of the adsorbent material when 

developing solutions for ionizable micropollutant removal.  

 

Keywords: Deep eutectic solvent; Succinic anhydride; Nanocellulose; Dissolving pulp; 

Micropollutant; Wastewater treatment 

 

1 Introduction 

Clean water is a prerequisite for a healthy life and a necessity for many industrial processes. 

Conventional wastewater treatments utilize physical, chemical, and microbiological 

processes, after which the effluent can be discharged into receiving water bodies or 

distributed for reuse. However, once the water quality targets set out in the environmental 

permit have been reached, other types of pollutants may still remain and pass the treatment 

processes. Micropollutants are synthetic and natural substances that are present in the aquatic 

environment at trace concentrations (few ng/L to several μg/L) [1]. These include e.g. 

pharmaceuticals, personal care products, industrial chemicals, pesticides and disinfection 

byproducts originating from industrial, domestic and hospital effluents, agriculture, livestock, 

and aquaculture and landfill leachates. Micropollutants are suspected to be capable of causing 

adverse effects on humans, wildlife, and aquatic ecosystems [2]. The problems with most of 
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the micropollutants originate from their recalcitrant chemical structure, which means that, 

instead of decomposing, they slowly accumulate into nature. Some other micropollutants may 

transform and even be removed during treatments and after extended time, but the challenge 

lies in the fact that they are continuously introduced into the environment due to widespread 

use [1]. 

Amongst micropollutants, polar, ionizable, and non-volatile molecules are often 

considered the hardest to remove [1,3]. One example is salbutamol (4-[2-(tert-butylamino)-1-

hydroxyethyl]-2-(hydroxymethyl)phenol, CAS 18559-94-9) (Figure 1), an amphoteric 

compound that can be present as four different species in aquatic solutions, depending on the 

pH [4]. Being a β2-adrenoceptor agonist with short-acting bronchodilation and anti-

inflammatory effects, it is extensively used in the treatment of asthma [5]. Taking into 

consideration its widespread use, potential harmful effects [6], and inconsistent removal 

efficiency in conventional wastewater treatment [6–11], more information is needed 

regarding the behavior of salbutamol in water and its removal mechanisms under different 

conditions. 

 

 

Figure 1. Protonated (1), zwitterionic (2), neutral (3), and deprotonated (4) species of 

salbutamol with microscopic ionization constants pKa1
± = 9.22, pKa2

± = 10.22, pKa1
º = 9.60, 
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and pKa2
º = 9.84 [4]. 

 

So far, the removal methods of salbutamol have been focused on oxidation [12,13] and 

photodegradation [14–19] techniques. Despite being effective in degrading contaminants, 

oxidation processes typically generate intermediates and oxidation products whose stability 

and toxicity can be higher than that of the micropollutant itself [15]. This drawback of 

oxidative destruction processes can be avoided by using physical techniques such as 

adsorption. The usage of bio-based adsorbents, such as cellulose, in the removal of pollutants 

from water has gained increasing attention during recent years due to their potential wide 

availability, affordability, high adsorption capacity, regenerability, and lower sludge 

generation compared to many other processes [20]. In addition, chemical modification can 

further increase the adsorption capacity of, for instance, cellulosic adsorbents by introducing 

functional groups [21] or multilayer structures [22] to the material.  

Esterification using anhydrides, organic acids, or acid chlorides is an appealing approach 

to incorporating carboxylic acid functionalities into the cellulose backbone [21]. These 

reactions are often performed in organic solvents, such as pyridine, and require long reaction 

times [23,24]. We recently demonstrated a green approach in this area by performing the 

succinylation reaction on wood cellulose pulp in a deep eutectic solvent (DES) using 

moderate temperatures (70–90 °C) and reaction times (2 h) [25]. DESs are a new class of 

solvents that can be prepared from cheap bulk chemicals even at ambient temperatures, and 

which have showed promising results regarding recyclability and biodegradability [26]. By 

further disintegrating the chemically modified cellulose fibers into cellulose nanomaterials 

like cellulose nanofibrils (CNFs), additional properties, such as high reactive surface area and 

absence of internal diffusion, are introduced to the adsorbent material [27]. The potential of 

cellulose nanomaterials in water and wastewater treatment is well recognized [28,29]. 
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However, only a few studies so far have reported the adsorption of organic micropollutants 

onto cellulose nanomaterials [30–33]. More fundamental research focusing on the interaction 

phenomenon is needed so that the full potential of cellulose nanomaterials in wastewater 

treatment can be utilized. 

In this study, anionic CNFs were produced through succinylation in urea-LiCl DES, 

followed by disintegration, and subsequently used as adsorbents for aqueous salbutamol. The 

performance was compared to chemically unmodified CNFs that were produced solely 

through mechanical disintegration. The effects of solution pH, contact time, initial salbutamol 

concentration, and adsorbent dose on uptake were examined. In addition, the adsorption 

isotherms were determined in order to study the removal mechanism. To the best of our 

knowledge, this is the first time the removal of salbutamol using cellulose nanomaterials has 

been studied with a focus on wastewater treatment applications. 

 

2 Materials and Methods 

2.1 Raw Materials and Chemicals 

Commercial softwood dissolving pulp (cellulose 96.2%, hemicelluloses 3.5%, total lignin 

<0.5%, acetone soluble extractives 0.17%, Domsjö Fabriker AB, Sweden) was received as 

dry sheets and used as the raw material for the synthesis of the succinylated CNFs. The sheets 

were disintegrated in deionized water, and the resulting pulp was filtered, washed with 

technical-grade ethanol, stirred in ethanol for 30 min, and filtered again before drying in an 

oven at 60 °C. Urea (≥97%, Borealis Biuron®), LiCl (≥99%, Merck pro analysi and VWR 

AnalaR NORMAPUR® Reag. Ph. Eur.), succinic anhydride (>95%, TCI), and ethanol (96%, 

VWR) were used in the synthesis. 

NaCl (Reag. Ph. Eur., VWR) and 0.5 M NaOH (Oy FF-Chemicals Ab) were used in the 

carboxyl content determination of the succinylated cellulose fibers. 
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To characterize the succinylated CNFs by polyelectrolyte titrations, 0.1 M buffer stock 

solutions (1,000 mL) in the pH range 3–10 were prepared using H3PO4 (VWR), NaH2PO4 

(Sigma), Na2HPO4 (Fluka), CH3COOH (Merck), CH3COONa * 3H2O (Oy FF-Chemicals 

Ab), NaHCO3 (Merck), and Na2CO3 (J.T. Baker), all of which were analytical grade. The 

amount of salts for the preparation of the buffer stock solutions were: pH 10.0 NaHCO3/ 

Na2CO3: 3.016 g (35.99 mmol) NaHCO3 and 6.784 g (64.01 mmol) Na2CO3; pH 9.0 

NaHCO3/ Na2CO3: 7.947 g (94.6 mmol) NaHCO3 and 0.572 g (5.4 mmol) Na2CO3; pH 8.0 

NaH2PO4/ Na2HPO4: 1.672 g (13.95 mmol) NaH2PO4 and 12.215 g (86.05 mmol) Na2HPO4; 

pH 7.0 NaH2PO4/ Na2HPO4: 7.42 g (61.9 mmol) NaH2PO4 and 5.41 g (38.1 mmol) Na2HPO4; 

pH 5.0 CH3COOH/ CH3COONa * 3H2O: 2.16 g (35.9 mmol) CH3COOH and 8.71 g (64.1 

mmol) CH3COONa * 3H2O; pH 3.0 H3PO4/ NaH2PO4: 12.0 g (100 mmol) NaH2PO4, pH 

adjusted with dilute H3PO4 (9.5–10.5%) and diluted to final volume. 

Poly(diallyldimethylammonium chloride) (poly-Dadmac, 20% (aq), Aldrich) was used as the 

titrant. 

Salbutamol (98%, Alfa Aesar), 0.1 M HCl, and 0.1 M NaOH (Oy FF-Chemicals Ab) 

were used in the adsorption experiments. 

All of the chemicals were used without purification. Deionized water was used 

throughout the experiments. 

 

2.2 Succinylation of Cellulose and Disintegration into Nanofibrils 

Succinylated celluloses with variable carboxyl contents were synthetized in urea-LiCl DES 

(Figure 2) using a previously reported procedure [25]. Briefly, dissolving pulp (1.5 g) and 

succinic anhydride (9.27 g) were reacted in urea-LiCl (molar ratio 5:1) DES for 2–6 h at 70–

90 °C. Ethanol (150 mL) was added to the hot stirring mixture to stop the reaction. The 

mixture was filtered while still hot, and the collected pulp was washed with ethanol (100 mL) 
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and deionized water (1500 mL). The carboxyl contents of succinylated cellulose derivatives 

were determined through conductometric titrations [34,35]. 

 

 

Figure 2. Succinylation of cellulose pulp fibers in urea-LiCl deep eutectic solvent (DES). 

 

The three different reaction conditions applied resulted in an increasing amount of 

carboxyl content in the succinylated cellulose fibers (samples denoted as SC70, SC80, and 

SC90, Table 1). The 6 h reaction time was selected for 90 °C reaction to ensure that there is a 

sufficient difference in the carboxyl contents between the samples. Pristine dissolving pulp 

was used as a reference material. 

 

Table 1. Reaction Conditions, Carboxyl Contents, and Resulting Nanofibrils of Cellulose 

Samples. 

Sample 

Temperature 

(°C) 

Time 

(h) 

Carboxyl content 

(mmol/g) 

Cellulose 

nanofibril 

SC70 70 2 0.34 CNF70 

SC80 80 2 0.42 CNF80 

SC90 90 6 0.59 CNF90 

Dissolving pulp - - 0 CNF0 
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Nanofibrillation of succinylated celluloses was conducted using a microfluidizer 

(Microfluidics M-110EH-30, USA) with slight modifications to the previously reported 

procedure (Supplementary Material) [25]. A reference material was prepared from dissolving 

pulp solely by mechanical disintegration using an ultra-fine friction grinder (Masuko super 

mass collider MKCA6-2J, Japan) and a microfluidizer (Supplementary Material). The dry 

matter contents of all CNF suspensions (samples denoted as CNF70, CNF80, CNF90, and 

CNF0, Table 1) were determined by drying the samples in an oven at 105 °C overnight. 

 

2.3 Characterization of CNFs 

2.3.1 Determination of Charge Density by Polyelectrolyte Titration 

The measurements were conducted in a buffered medium in the pH range 3–10. The 0.1 M 

buffer stock solutions were diluted to a concentration of 0.5 mM with deionized water and the 

pH was adjusted with 0.1 M HCl/NaOH. The pH values of the final buffer solutions were 

3.00, 4.98, 6.99, 8.01, 9.03 and 10.01. The CNF samples were diluted to a solids content of 

0.1%, after which 1 mL of CNF suspension and 9 mL of appropriate buffer were mixed. The 

mixture was titrated with poly-Dadmac using a particle charge detector (Mütek PCD 03, 

USA) while monitoring the charge of the sample. 

 

2.3.2 ζ-Potential Measurements 

The samples (50 mL) were prepared by diluting the 5 mg/mL CNF dispersions to 1 mg/mL 

using water. The pH was adjusted to 9 by adding a few drops of NaOH (0.1 M). The pH was 

further adjusted by HCl (0.1 and 0.01 M) from pH 9 to 4. Small samples (~0.5 mL) were 

drawn from the dispersion at desired pH values, and the ζ-potential was measured (Malvern 

ZetaSizer, England). 
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2.4 Adsorption Experiments 

The effect of pH, stirring time, concentration of salbutamol, and adsorbent dose on 

salbutamol adsorption were investigated. The parameters for each experiment are shown in 

Table 2. A stirring time of 4 h was selected for the first experiment (effect of pH) to ensure 

that the studied system had reached equilibrium before sampling. All experiments were 

conducted in non-buffered conditions in order to exclude any excess ions that may affect the 

interaction between the adsorbent and adsorbate. CNF80 was selected for pH, contact time, 

and salbutamol concentration experiments due to its average charge density and the applied 

reaction conditions. 

 

Table 2. Parameters for Studying the Effects of pH, Stirring Time, Salbutamol 

Concentration, and Adsorbent Dose on Salbutamol Adsorption. 

 

CNF 

adsorbent 

Initial 

solution pH 

Stirring 

time (min) 

Initial 

salbutamol 

(mg/L) 

Adsorbent 

dose 

(mg/L) 

pH CNF80 4–9 240 30 75 

Stirring time CNF80 9 0–1,440 30 75 

Initial concentration CNF80 9 10 5–200 75 

Adsorbent dose Alla 9 10 30 2.5–100 

a CNF0, CNF70, CNF80, CNF90 

 

Adsorption studies were performed in 50 mL beakers equipped with magnetic stirring 

bars. All studies were conducted at room temperature (~21 °C) on a stirring plate adjusted to 

a 100 rpm stirring rate. The aqueous stock solution of salbutamol (~400 mg/L) was stored at 

4 °C between the experiments. Aqueous CNF suspensions were diluted to consistency of 
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0.2% (~2,000 mg/L) right before use in the adsorption studies. The pH of the 0.2% CNF 

suspension was adjusted only for the CNF concentration studies (2.5–100 mg/L) and for the 

lowest salbutamol concentration experiments (5–20 mg/L), so as to keep the pH as constant 

as possible in the resulting mixtures (non-buffered conditions). 

In a typical experiment, a salbutamol solution having the desired concentration was 

prepared by diluting the stock solution. Then, the pH of the solution was adjusted to the 

desired value by adding a few drops of dilute HCl or NaOH before reaching the final volume 

(40 mL) by adding CNF solutions (0.05–2 mL) to the stirred salbutamol solution. The 

mixture was stirred for a predetermined time, after which it was settled for 30 min. A 10 mL 

aliquot was taken with a syringe from the center of the mixture (2 cm from the bottom of the 

beaker) and filtered immediately by a sterile 0.45 μm cellulose acetate syringe filter (VWR, 

USA). Finally, the pH of the remaining mixture was recorded. The effect of stirring time (10 

s–10 min) was also investigated by excluding the 30 min settling time. 

The concentration of salbutamol in the filtrate was characterized by UV-vis spectroscopy 

(Shimadzu UV-1800, Japan) at 276 nm using quartz cuvettes. The absorbance reading was 

corrected by subtracting the reading at 276 nm obtained for a reference sample, which 

contained only a corresponding concentration of CNFs and pH as the actual sample. 

Sampling of the reference samples followed the protocol of the actual samples, as described 

earlier. The spectrophotometer was calibrated for salbutamol at 276 nm in the range 0–200 

mg/L at pH 7 using deionized water as a reference (R2 ≈ 1) (Figures S1–S2). Moreover, the 

spectrum of each sample was recorded at 200–400 nm to monitor the possible changes in the 

location of the absorbance maximum (Figures S3–S6). The accuracy and daily variation of 

the absorbance measurements was determined by measuring control solutions of known 

salbutamol concentration (10 and 20 mg/L, pH 7). The obtained standard deviation was ±0.1 

mg/L. Before starting the experiments, the absorbance of a plain salbutamol solution (30 
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mg/L) was measured before and after filtration to ensure that the syringe filter was not 

retaining any of the salbutamol.  

The amount of adsorbed salbutamol per unit mass of CNF adsorbent at time t, qt (mg/g) 

and at equilibrium, qe (mg/g), were calculated using Equations (1) and (2), respectively: 

𝑞𝑡 =  
(𝐶0−𝐶𝑡)

𝑚
 𝑉 (1) 

𝑞𝑒 =  
(𝐶0−𝐶𝑒)

𝑚
 𝑉 (2) 

where C0 (mg/L) is the initial concentration, Ct (mg/L) is the concentration at time t (min), 

and Ce (mg/L) is the equilibrium concentration of salbutamol. V is the volume of the studied 

solution (L), and m is the dried weight of the CNFs (g). m/V (g/L) is defined as a solid/liquid 

ratio. The percentage of removed adsorbate from solution was calculated using Equation (3): 

%𝑟𝑒𝑚𝑜𝑣𝑎𝑙 =  
(𝐶0−𝐶𝑒)

𝐶0
 × 100 (3) 

 

2.5 Adsorption Isotherm Models 

For the adsorption isotherm studies, the initial salbutamol concentrations of 5–200 mg/L were 

examined, and CNF80 was used as the adsorbent, with a constant dose of 75 mg/L (Table 2). 

Higher salbutamol concentrations were not studied since the linearity of the calibration curve 

started to reach its limits at 200 mg/L, and also because they are unlikely to be encountered in 

real wastewaters. The adsorption mechanisms were analyzed by fitting Langmuir and 

Freundlich isotherm models (Supplementary Material). 

 

3 Results and Discussion 

3.1 Characteristics of CNFs 

The apparent charge densities (Figure 3A) indicate that CNFs can have an attractive 

electrostatic interaction with salbutamol most efficiently in the pH range of 7–10 (highest 
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anionic charge density). This could be the optimal for wastewater treatment applications as, 

for instance, the typical pH of typical municipal wastewaters is 6–8.5. The samples CNF70–

CNF90 showed similar behavior throughout the pH range. The anionic charge increased 

sharply and almost linearly up to pH 7, after which it stabilized. This behavior is explained by 

the deprotonation of the carboxyl groups (-COOH) as the pH is raised, which increased the 

anionic charge of the CNFs. In addition, the charges were proportional to the carboxyl group 

contents in CNFs; i.e., CNF90 had the highest anionic charge in the neutral-alkaline pH 

region. Similar trends have been observed previously with dicarboxylic acid nanocelluloses 

[36]. The charge of the unmodified sample CNF0 was close to zero, and it stayed constant 

throughout the used pH range, as expected, since it did not contain any added carboxyl 

groups (other than those that resulted from the pulping process). 

The ζ-potential results (Figure 3B) are consistent with the apparent charge density 

measurements, confirming that all samples had an anionic charge through the whole pH range 

and that the charge increased as the pH became more alkaline. In addition, CNFs formed 

stable colloidal systems when pH>7, as the aggregation and sedimentation of CNFs caused 

by the protonation of carboxyl groups were visually observed at pH<7. As expected, the 

unmodified sample, CNF0, showed low stability. The slightly negative ζ-potential values of 

CNF0 assumedly originated from the inherent negative charge of the cellulose pulp. 
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Figure 3. (A) Apparent charge densities of cellulose nanofibrils (0.01% solution) as a 

function of pH. The data points are averages from two to four titrations. The error bars 

represent the sample standard deviation or the difference of measured values for more than 

two or less than three measurements, respectively. (B) The ζ-potential of cellulose nanofibrils 

(0.1% solution) as a function of pH. The data points are averages of three measurements, and 

the error bars represent the sample standard deviation. 

 

3.2 Effect of pH and Contact Time on Salbutamol Adsorption 

The behavior of CNFs and salbutamol as a function of pH can be predicted by their pKa 

values. Typical pKa values of carboxylic acids are 4–5, which indicates that, at pH values 

below 4, the carboxyl groups of succinylated celluloses are mainly in protonated form, and 

above 5 start to be unprotonated, i.e., in anionic form. As shown in Figure 3A, CNF80 

reached its maximum anionic charge at pH~8, and a sharp increase in the colloid stability was 

observed when the pH was above 7 (Figure 3B). Salbutamol, on the other hand, appears 

solely as protonated species in acidic and neutral solutions (Figure 4A) [14,37]. At higher pH 

levels, neutral and zwitterionic species are also present, and from pH 9 onwards, the 

proportion of deprotonated species starts to increase. 

Indeed, a notable improvement in the adsorption efficiency was observed as pH was 

raised above 7, and the maximum adsorption of 101 mg/g, corresponding to 25% removal, 



14 

 

was reached at pH 8.5 (Figure 4B). These results support the charge density and ζ-potential 

measurements, which indicated favorable interaction between salbutamol and adsorbents in 

this pH range. The pH of the diluted (0.2%) CNF solutions used in the adsorption studies 

were ~7.5, which means that the CNFs were in anionic form (Figure 3A) upon addition. 

 

 

Figure 4. (A) Estimated relative fractions of salbutamol species present at a given pH. 

Fractions were calculated using the microscopic ionization constants [4,14,37]. The 

numbering refers to the chemical structures presented in Figure 1. (B) Effect of pH on 

salbutamol adsorption by succinylated cellulose nanofibrils (stirring time 4 h, salbutamol 

concentration 30 mg/L, CNF80 adsorbent dose 75 mg/L). The pH values represent the 

readings after 4 h of stirring. 

 

Thus, it can be presumed that the adsorption of salbutamol on CNFs is likely controlled 

by the opposite charges of adsorbate and adsorbent, and it is mainly dependent on the charge 

of the CNFs, as it closely follows the charge behavior of CNFs (Figure 3A and 3B). On the 

other hand, at pH 9, salbutamol is still mainly present as protonated species (53%), and the 

zwitterionic (32%) and neutral (13%) species can also interact with cellulose through non-

covalent interactions (Figure 4A). Upon the addition of CNFs, the pH of the mixture shifted 

to ~8.5, where the corresponding fractions are 79%, 15%, and 6% for protonated, 
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zwitterionic, and neutral salbutamol species, respectively. 

The adsorption of salbutamol on CNFs was almost immediate, and the adsorption 

efficiency settled rapidly to approximately 80 mg/g, corresponding to 20% removal (Figure 

5A). Due to the filtration procedure, the shortest reachable contact time was 2 min, and 

adsorption kinetics were thus not studied further. Although no improvement in the adsorption 

efficiency occurred by including the 30 min settling time (Figure 5B), it was kept constant in 

succeeding experiments to keep the sampling conditions intact. 

 

 

Figure 5. Effect of contact time on salbutamol adsorption by succinylated cellulose 

nanofibrils (pH 9, salbutamol concentration 30 mg/L, CNF80 adsorbent dose 75 mg/L), (A) 

with no settling and (B) including an additional 30 min settling. 

 

The CNF samples comprised individual nanofibrils and their bundles as observed via 

atomic force microscopy (AFM) images (Figure S7). The individualized nanofibrils show a 

high surface area-to-volume ratio (Figure S7), which means that the need for diffusion inside 

the adsorbent material is reduced, thus enabling a rapid interaction with salbutamol. 

Moreover, dilute aqueous suspensions of CNFs mix readily with the water to be treated, 

which again allows fast interaction with pollutants. Recently, the effect of dry matter content 

(1.1–1.8% w/w) of anionic CNFs on metal cation sorption was investigated [38]. Lowering 
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the dry matter increased the sorption capacity because the interactions between adjacent 

nanofibrils were weakened. In our case, CNF suspensions having 0.2% (w/w) consistency 

upon addition were used, implying that the nanofibrils were able to interact with salbutamol 

immediately. 

 

3.3 Effect of Adsorbent Dose on Salbutamol Adsorption 

A significant difference was observed in the salbutamol removal between the unmodified and 

modified CNFs, as the modified CNFs (CNF70–90) removed up to 27% of salbutamol (CNF 

dose 100 mg/L), whereas CNF0 adsorbed only 6% (Figure 6A). Increasing the dose of CNF0 

did not have an improving effect. This confirmed the assumption that chemical modification 

is essential to enabling the interaction between salbutamol and CNFs. There was no clear 

difference in the adsorption efficiency between the modified CNFs (falls within the 

uncertainty of measurement), possibly due to the too-similar carboxyl group amounts. 

Adsorption capacities reached their highest values (up to 826–888 mg/g) at the lowest CNF 

doses (2.5 mg/L) (Figure 6B). As the CNF dose was increased above 25 mg/L, the adsorption 

capacity settled to approximately 80–100 mg/g, as observed during the kinetic study. An 

explanation for this is that CNFs are known to form web-like structures through hydrogen 

bonding as the dry matter content of the CNF suspension is increased, which in turn reduces 

the amount of available adsorption sites. Thus, the most suitable application mode for CNFs 

could be as bound on a support material instead of suspension—that is, a continuous process 

instead of a batch. 
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Figure 6. Effect of cellulose nanofibril dose on salbutamol removal (pH 9, stirring time 10 

min, salbutamol concentration 30 mg/L), (A) the % removal as a function of adsorbent dose 

and (B) the amount of salbutamol adsorbed at equilibrium as a function of adsorbent dose. 

 

Although a remarkable difference was observed between modified and unmodified CNFs, 

the removal efficiency could be improved. CNF80, for instance, had a carboxyl content of 

0.42 mmol/g (Table 1), which indicates that ~310 mg/L of CNF80 should be sufficient to 

adsorb 30 mg/L of salbutamol, assuming 1 mol of carboxyl adsorbs 1 mol of salbutamol. 

Based on the experimental results 100 mg/L of CNF80 removed 26% of salbutamol, meaning 

that 310 mg/L would remove 81%. Therefore, it can be presumed that the complete removal 

of salbutamol could be reached by further increasing the CNF dose, but it would require a 

different kind of process setup (e.g., CNFs on a solid support). It should be noted, though, 

that the applied adsorbent doses were significantly lower compared to typical adsorbent 

studies utilizing cellulose nanomaterials (e.g., 0.5–5 g/L) [24,31–33,39,40]. 

There are multiple reasons that can explain the observed adsorption efficiency. First, the 

ammonium cation in salbutamol is sterically hindered due to the adjacent tert-butyl group 

[41]. Second, the free rotation of succinate groups and their closeness to the cellulose 

backbone can disturb the interaction with salbutamol. It is also possible that the clustering of 
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the succinate groups in the amorphous regions of cellulose [42] caused steric hindrance, 

which prevented all available carboxyl groups from interacting with salbutamol. 

 

3.4 Adsorption Isotherms 

The experimental adsorption data fitted clearly better with Freundlich isotherm model than 

Langmuir (R2 = 0.951 and 0.764, respectively, Table S1). The best-fitting Freundlich 

isotherm graph for CNF80 is presented in Figure 7. The shape of the isotherm is downward 

concave and the parameter n is below 1 (0.357), denoting that the adsorption process between 

salbutamol and CNFs is favorable. The Freundlich isotherm model assumes multilayer 

adsorption on heterogeneous surfaces. As the succinate groups are likely to be distributed 

heterogeneously onto the cellulose backbone, it is logical that the CNF adsorbent has 

different adsorption sites (e.g. hydroxyl groups, succinate groups). The Freundlich isotherm 

model is not suitable for describing very low or high concentration areas of the equilibrium 

data, and as a result, it does not describe the saturation behavior of an adsorbent. Therefore, 

the maximum theoretical adsorption capacity qm of CNFs cannot be derived. However, the 

experimental maximum adsorption capacity qe(exp) was 196 mg/g (corresponds to 0.82 

mmol/g) at initial salbutamol concentration of 200 mg/L.  
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Figure 7. Adsorption isotherm for salbutamol adsorption by succinylated cellulose 

nanofibrils (pH 9, stirring time 10 min, CNF80 adsorbent dose 75 mg/L). The solid line 

represents nonlinear regression based on the Freundlich equation, and the dashed lines 

represent the 95% confidence limits.  

 

There is lack of relevant information about the removal of salbutamol through adsorption 

in the literature, which limits the comparison of our results to the work of others. The 

adsorption of salbutamol from ultrapure water onto fresh granular activated carbon (GAC) 

has been reported to be 80–100% (pH 7, C0 = 2 μg/L, GAC dose 6.7 mg/L) [43]. In the case 

of a β-blockers atenolol and propranolol, the maximum adsorption capacity of graphene 

oxide (GhO) has been reported to be 116 mg/g and 67 mg/g, respectively (C0 = 10–150 mg/L, 

GhO dose 1 g/L) [44]. It should be noted though, that a direct comparison with salbutamol 

should be avoided due to the different chemical structure of atenolol and propranolol. 

Overall, the succinylated CNFs seem to be performing well compared with carbon based 

adsorbents, as the experimental maximum adsorption capacity was 196 mg/g and the results 

indicated that a complete removal of salbutamol could be reached by further increasing the 
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CNF dose. 

 

4 Conclusions 

The removal of ionizable organic pollutants from water has for long been considered as a 

demanding task due to their polar and pH dependent nature, which hinders their removal in 

conventional wastewater treatment processes (e.g. adsorption to sludge) and facilitates their 

transport to the environment. Based on the results reported herein, the removal of salbutamol 

through adsorption is controlled mainly by the opposite charges of the adsorbent and 

adsorbate. Moreover, it is even more important to ensure that the adsorbent nanomaterial 

carries the maximum charge (in our case anionic), than to maximize the fraction of oppositely 

charged pollutant species in the water. This finding is advantageous, because it motivates 

researchers to develop alternative modification methods for adsorbent materials targeted for 

ionizable micropollutant removal. Especially the inclusion of different types of charged 

groups and structures to the material would be important, because it would ensure that the 

adsorbent material remains effective despite the pH or type of charged pollutant species 

present. This is especially important when treating industrial wastewaters (point source 

pollution), where the pH levels can differ significantly from municipal wastewater. In 

addition, our research demonstrated that cellulosic nanomaterials are highly promising also in 

micropollutant removal as cellulose nanofibrils were shown to rapidly adsorb salbutamol 

already at low doses. The shortcomings resulting from inter-fibril hydrogen bonding at higher 

doses could be overcome by developing the process set-up (e.g. fibrils bound in a support 

material, continuous process). 
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