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Abstract

:

Featured Application


The potential-controlled sorption of charged molecules using multi-walled carbon nanotubes as electrodes is an innovative step to economizing chromatographic processes. However, any process design requires understanding the basic operators, such as material properties and effects triggered by a potential at the solid-liquid interface, to define the framework for future applications.




Abstract


Triggering the interaction of nanomaterials with molecules by means of electrical potentials in aqueous media remains challenging, especially if 3D through-flow systems are used as electrodes, as in potential-controlled liquid chromatography (PCC). In this paper, multi-walled carbon nanotubes (MWCNTs) function as a particulate packed bed electrode in order to study the system’s response to various applied potentials and electrolyte compositions. The process principle was analyzed using chronoamperometry and cyclic voltammetry. Applying an electrical potential to the hydrophilic MWCNTs induces the presence of both capacitive and faradaic currents. This leads, over time, to a degradation of the electrode due to structural changes of the MWCNT matrix and an increase in redox reactions on the surface. The role of the electrochemical double layer (EDL) is highlighted as a main player in the process, directly influencing the adsorption capability of the electrode. The EDL rearrangement time and coverage radius depend on the composition of the mobile phase and on the potential applied. The capacity of the electrode for the target (maleic acid) increases at high positive potentials (+800 mV vs. Ag/AgCl), while the presence of electrolytes leads to a capacity decrease. Our research enhances the understanding of capacitive through-flow cells.
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1. Introduction


Chromatography, and ion exchange chromatography in particular, is a widely used separation and purification technique at the biotechnological industrial scale. However, the process consumes a large amount of salt for elution and requires specifically functionalized resins. An alternative which circumvents these disadvantages is potential-controlled chromatography (PCC) or electrochemically modulated liquid chromatography (EMLC), both of which have been known to scientists for several decades [1,2,3,4,5,6,7,8]. Here, the surface charge of a conductive resin is modified by an applied electrical potential. Consequently, a selective interaction between charged or polarized molecules and the charged particulate packed bed surface takes place because of electrosorption. In a subsequent step, the adsorbed molecules are forced to desorb by a change in the potential direction without any further additives. With this advantage, PCC is a promising and flexible technique, which is inexpensive and seems suitable for all types of charged or polarized molecules.



Initially addressed in the second half of the 20th century by researchers like Okazaki [8] and Fujinaga et al. [2], the process concept of EMLC was developed as an analytical methodology, used to separate metal ions through the influence of electric potential gradients. Other researchers followed the concept and investigated the separation of inorganic [9,10,11] and organic compounds [12,13,14]. The Porter group [15,16,17,18,19,20,21], however, carried out a major part of the process’s development, studying the retention time of different molecules combined with several resin materials [22,23] and mobile phases [24,25]. Knizia et al. [26] and Kocak et al. [27] pushed the development of PCC further by extending the process from the analytical to the preparative scale. They employed a packed bed electrode of spherical, non-functionalized glassy carbon particles which had a relatively small specific surface area (<10 m2/g) [26,27]. Recently, Brammen et al. [28] implemented multi-walled carbon nanotubes (MWCNTs; Baytubes C150P) as an innovative packed bed electrode material with high specific surface area (≈200 m2/g).



Indeed, MWCNTs have already been introduced as a resin for typical gas or liquid chromatography applications [29,30,31,32,33], and as electrodes material in batteries and in sensor science [34,35,36,37]. Nevertheless, the nanotubes agglomerate in complex morphology, which depends on the setup geometry, the mobile phase and numerous external parameters. Hence, the interactions of this carbon material with liquid media are still hotly debated in the literature and are not yet fully understood. Furthermore, predicting the adsorption behavior on MWCNTs under potential is challenging, and the effects inside the MWCNT electrode matrix are largely unknown. Even if the innovative material is already broadly applied [38,39,40,41,42] and has decisive advantages compared to other conductive stationary phases, its use for PCC is still in its infancy. Descriptions of the behavior of the particulate MWCNT matrix under the influence of an electrical potential are required and multiscale concepts for analyzing the relation between electrical current, mobile phase and column capacity are essential for developing a process convertible to the technical scale [43,44]. To fill this gap, we present here a characterization of the particulate MWCNT electrode in an aqueous system. We describe the interaction of the electrode with charged molecules and the process performance under electrical potential. Based on the work of Brammen et al. [28], and due to the fact that Baytubes C150P (Bayer Materials Science AG, Germany) are no longer commercially available, we establish a new type of non-functionalized, low-cost and easily accessible MWCNT (CNT-K, Future Carbon GmbH, Germany) as a resin and closely examine several processing features. Accordingly, the specific material properties of the CNT-K are analyzed, and the particulate electrode is described using a combination of chromatographic and electrochemical methods. In this context, chronoamperometry and cyclic voltammetry are introduced as characterization methods, to detect a correlation between electrical potential, electrical current and adsorption capacity, as well as between the current, electrode structure and the ionic strength of the mobile phase.




2. Materials and Methods


The experimental work is divided into four sections, beginning with a material characterization, and followed by the introduction of electrochemistry and then static and dynamic chromatography techniques.



2.1. Materials and Instrumentation


The work presented here was carried out entirely in a self-designed PCC column based on the example of Brammen et al. [28]. As stationary phase material, MWCNTs (CNT-K, Future Carbon GmbH, 95448 Bayreuth, Germany) with an outer diameter of 20–40 nm and a density of 2.1 g/cm3 were packed in a curled, strong cation exchange membrane (CMI-7000, Membranes International Inc., Ringwood, NJ 07456, USA). Before the column was packed with the particles, the MWCNTs were treated with 1 M HCl at 80 °C for more than 4 h to reduce the catalystic residues and other contaminants. Afterwards, they were neutralized in DI-water and stored as a MWCNT-DI-water suspension. As mobile phases, either pure DI-water with a conductivity below 0.02 mS/cm (pH = 6.2) or 10 mM phosphate buffer (pH = 7.2, 1.7 mS/cm) were used. The buffer was prepared with sodium dihydrogen phosphate, (absolute, Ph. Eur. AppliChem GmbH, 64291 Darmstadt, Germany) and di-sodium hydrogen phosphate (≥98%, Ph. Eur., water free, Carl Roth GmbH & Co. KG, 76185 Karlsruhe, Germany). When necessary, the pH value was regulated with hydrochloric acid (37%, VWR International GmbH, 64295 Darmstadt, Germany) and sodium hydroxide (≥99% p.a., ISO, Carl Roth GmbH & Co. KG, 76185 Karlsruhe, Germany). Maleic acid (absolute, Ph. Eur, AppliChem GmbH, 64291 Darmstadt, Germany) was used as model adsorbate for potential-step experiments; sodium chloride (≥98%, Ph. Eur., Carl Roth GmbH & Co. KG, 76185 Karlsruhe, Germany) was used as tracer to quantify the homogenity of the packed bed. All PCC experiments were performed with an ÄktaTM pure system (ÄktaTM pure 25 M, GE Healthcare GmbH, 79111 Freiburg, Germany). As analytical tools, UV–Vis spectroscopy was used for molecule detection at 216 nm, and a conductivity sensor and a pH sensor were applied at the column outlet. Furthermore, we used a Gamry G750 potentiostat (Gamry Instruments, Warminster, PA 18974, USA) connected to the column for electrochemical application and evaluation. For static binding experiments, an Agilent HPLC system (Agilent 1100 Series HPLC Value System, Agilent Technologies, Inc., Santa Clara, CA 95051, USA) was employed, including a UV–Vis spectrophometer at 216 and 280 nm. Adsorbates for the static binding experiments were L-alanine (Ala, Serva Electrophoresis GmbH, 69115 Heidelberg, Germany), L-histidine (His, ≥99% Cellpure, Carl Roth GmbH & Co. KG, 76185 Karlsruhe, Germany), L-phenylalanine (Phe, Merck KGaA, 64293 Darmstadt, Germany), L-tryptophan (Trp, Serva Electrophoresis GmbH, 69115 Heidelberg, Germany), maleic acid (absolute, Ph. Eur, AppliChem GmbH, 64291 Darmstadt, Germany) and fumaric acid (FA, AppliChem GmbH, 64291 Darmstadt, Germany). The specific surface area was determined using the BET method with nitrogen in a Gemini VII system (Micromeritics Instrument Corp., Norcross, GA 30093-2901, USA), while the particle agglomerate size distribution was measured in suspension with a Microtrac SYNC (Microtrac Retsch GmbH, 42781 Haan, Germany). Transmission electron spectroscopy (TEM; JEM 100-CX, JEOL GmbH, 85356 Freising, Germany), scanning electron microscopy (SEM; CamScan 4, Oxford Instruments/ JSM 5900 LV, JEOL GmbH, 85356 Freising, Germany) and X-ray photoelectron spectroscopy measurements (XPS; LHS 10 XPS with MgKα X-ray source (hυ = 1253.6 eV), Leybold Heraeus GmbH, 50968 Köln, Germany) were carried out additionally.




2.2. Electrochemical Experiments


All electrochemically-based experiments were performed in the PCC column with a 3-electrode setup. The reference electrode was a screwable Ag/AgCl electrode (RE-3VT, C3 Prozess- und Analysentechnik GmbH, 85540 Haar, Germany). The volume flow was 1 mL/min in all experiments. The aqueous media applied were DI-water or 10 mM phosphate buffer. The Gamry G750 potentiostat was operated in surface mode. Open circuit measurements were taken for up to 300 s; chronoamperometry experiments for up to 360 s in ±100 mV steps; and cyclic voltammetry was conducted three times at rates of 0.1 and 1.0 mV/s. The operation range was set between −800 mV to +800 mV to prevent water decomposition, which can occur in the column at higher electrical potentials (positive or negative).




2.3. Static Binding Experiments


Static binding capacities (SBC) were determined outside the column and without external potential application at room temperature, 24 h, 500 rpm. Therefore, 2.0 g of wet MWCNT mud was incubated with 10 mL adsorbate solution and stored in 15 mL roll edge glasses. Besides, 0.3 g to 0.4 g of wet MWCNT mud was incubated with 0.7 mL of an adsorbate solution, and stored in a 96 well plate. The CNT mud used was generated by centrifuge dispersed MWCNT in 50 mL falcon at 3200× g for 3 min; the DI-water supernatant was rejected afterwards. The adsorbate was dissolved in DI-water at different concentrations, amino acids at their pI value and carbon acids at neutral pH. The supernatant concentration was measured three times, each taken from two to three technical replicates.




2.4. Chromatographic Experiments


All chromatographic experiments were performed under flow in the PCC column, both with and without applied potential. DI-water and 10 mM phosphate buffer (pH = 7.2) were used as mobile phases with a flow rate of 1 mL/min. The potential-step experiments were executed with 50 μL of neutralized 2 g/L or 5 g/L maleic acid dissolved in DI-water, which was injected at a selected applied potential (adsorption phase) and eluted at −800 mV (elution/desorption phase). The potential switch was induced after 30 mL or 40 mL. To determine the packed bed asymmetry and the HETP value, tracer experiments were conducted without an applied potential using 1 M NaCl (50 μL, 1 mL/min). The results presented were taken from four different but identically prepared columns, which were packed with 0.5 g of MWCNT powder (purified and suspended in DI-water first) under a DI-water flow of 1 mL/min.





3. Results and Discussion


Even though the PCC concept has been verified several times in the literature (see Section 1), essential questions remain regarding the system response due to the application of the potential and due to the effects of the species in solution. Furthermore, there is little literature on aqueous systems. When nano powders are used as a resin, their physical properties are especially challenging; thus, understanding the process is clearly of great importance. For that reason, the column description is introduced first, as this is a key element of the process. A detailed characterization of the CNT-K material follows, which is necessary because the properties of the MWCNT depend on the manufacturing process and affect the process performance. Afterwards, the electrochemical analysis of the column response under flow is presented to evaluate the aging of the packed bed using chronoamperometry and cyclic voltammetry. The resultant relation to the EDL rearrangement forms the basis for the discussion of the relationship between potential-dependent binding capacity and the ion concentration of the mobile phase. The description of the PCC operating principle can be found in the Supplementary Material, Figure S1.



3.1. The Setup


Brammen et al. [28] developed a three-electrode column setup, with a bed volume of approximately 10 mL, and used Baytubes C150P carbon nanotubes as a stationary phase material. They confirmed that these MWCNTs, with excellent electrical, chemical and mechanical properties, are suitable and offer decisive advantages for PCC. In this work, the process fundamentals are investigated using the readily available and low-cost MWCNT material CNT-K. Only 0.5 g of CNT-K is required to fill one column (material cost about 50 ct). However, a significant challenge of working with a nanopowder is to obtain a homogeneous packed bed as the basis for reproducible and consistent experiments. Therefore, an improvement of Brammen’s column design was necessary and the first task to solve here (see Figure S2). The stamp was then installed in self-printed column clamps (rapid manufacturing), leading to a homogeneous force transmission and facilitating the particulate electrode packing process. The packed bed electrode could then withstand more than 20 bar and be used for at least 320 working hours. The twisted contact wire was improved in a computational fluid dynamic simulation study (radius, number of twists, distance between them). In the end, the optimized column setup together with the improved wire should ensure that the entire particulate electrode is uniformly charged, by a radial potential distribution. Thus, the particles accordingly act simultaneously as a working electrode and as a stationary phase material.




3.2. Specific Properties of the Multi-Walled CNT-K


MWCNTs are a very versatile graphene-based material with sp2 character, forming single-walled or multi-walled tubes of different conformations and with a distinct delocalized π-electron system. Depending on how they are manufactured (e.g., a chemical vapor deposition with an iron-based catalyst), the resulting particles will have different properties, generally of high complexity. Therefore, it is important to characterize the nanotubes used here to be able to understand their role in the potential-controlled process and to identify changes in the MWCNT matrix due to environmental and electrical impacts. The morphological description of the CNT-K (Future Carbon GmbH, Germany) used here is provided on different scales (see Figure 1) and shows the altered configuration of the particle network in solution: CNT-K form spongy agglomerates at the macro level or a fibril network at the nano level. Moreover, the CNT-K stick together under pressure (like in the column) and create a uniform matrix (MWCNT matrix). Thus, a highly porous monolithic structure and a homogeneous particulate packed bed are present in the chromatographic column. Characteristic numbers are an asymmetry factor of 1.1 (describes the homogeneity of the packed bed); a HETP of 0.04 cm (represents the separation efficiency, see Equation S1); a column porosity of 0.4; and a total column porosity of 0.8 (see Figure S3 and Table S1). The description of the packed bed is extended using electrochemical methods, such as open circuit potential (ocp) measurements, which provide about +300 mV to +500 mV at neutral pH, depending on the arrangement of the CNT (of the matrix structure). This value is comparable to others in the literature [45,46]. Thus, a lack of electrons exists in the passive state, and the particulate electrode turns out to be positively charged. In the presence of ions (10 mM phosphate buffer, pH = 7.2) the ocp measurement yields even higher positive potentials, showing a more pronounced positive charge for the CNT matrix.



The single CNT-K tubes have an outer diameter between 20 and 40 nm, with a length up to hundreds of μm (Figure S4). The agglomerates are between 10 and 500 μm (Figure S5) and have pore sizes in the macro range. The specific surface area of the particulate material is around 200 m2/g, which is low compared to the single-walled CNT, with up to 1000 m2/g [47,48]. However, the commercially available SWCNTs are 10 to 100 times more expensive than commercially available MWCNTs; moreover, no technology for a large-scale production of SWCNTs currently exists. The relatively small surface area of the MWCNT used may be caused by the agglomeration behavior of the CNT-K [47], limiting the access to the total CNT-K surface. Another possibility is that only the outer surface of a single nanotube is accessible, as around 85% of tubes are closed tubes (Figure S6). In literature, the values for the surface area of open or closed MWCNT are 300 m2/g or 150 m2/g [49] respectively, so the specific surface area of CNT-K with 200 m2/g is within an expected range. The fact that over 85% of the CNT-K tubes from the TEM pictures seem to be closed tubes leads to the conclusion that adsorption can take place exclusively on the outer MWCNT shell, which is important information for the adsorption capacity of static and dynamic adsorption experiments.




3.3. CNT-K Hydrophilicity and Surface Composition


The hydrophilicity or hydrophobicity of MWCNTs is a hot topic in literature and has been discussed from different perspectives [50,51,52,53,54,55]. Commonly, the hydrophilicity of the tubes is attributed to surface defects in the curled layers or to the functionalization of the surface. Both effects lead to the presence of surface charges and improve the interaction with water. If these effects are not present (and when the tubes are ideally shaped), they are described as hydrophobic and uncharged. In our case, the manufacturer refers to the CNT-K as a non-functionalized and rather hydrophobic material, but in the contact angle measurements of the CNT-K carried out by our group, an angle of 80° [54] or even lower was detected (depending on the density and homogeneity of the sample prepared for the Washburn method), which suggests a slight hydrophilicity. Moreover, the twisted configuration of the tubes leads us to expect defects on the surface, reinforcing the supposition of hydrophilicity (see Figure 1). However, detailed knowledge of the interaction of the MWCNT surface and water is lacking in literature. This knowledge is essential for understanding the impact of the properties of the packed material on the adsorption processes of charged molecules in aqueous media. Therefore, we determined the swelling behavior of the CNT-K in water and analyzed the water binding of dry CNT-K particles. The correlation between dry and wet CNT-K particles is   C N  T  d r y      [ g ]  = 0.07 · C N  T  w e t      [ g ]   , which means that 1 g of wet CNT mud (CNT-K suspended in DI-water, centrifuged at 3200× g, 3 min, decantation of CNT-free water) contains only 7% of CNT-K; or on the contrary: 1 g of wet CNT-K mud contains 93% water even after centrifugation. Due to this, the dry CNT-K agglomerates swell to 125% of their original volume, leading to an increase in pore sizes, confirming the existence of macro pores in the system [52].



The high affinity of the CNT-K to water suggests the existence of surface oxygen, which we confirmed in XPS measurements (see Table 1). The XPS results showed that a small amount of surface oxygen is already present in untreated CNT-K powder. Conditioned CNT-K (acidic treatment to remove the catalyst residue, washed afterwards to neutral conditions and stored in DI-water) showed a similar quantity of oxygen on the surface. Ndunda et al. [56] and Zajíčková et al. [57] reported comparable values to ours and suggested that these confirm the oxidation of the surface. Samples of CNT-K used as an electrode and treated several times in potential-controlled experiments showed an increase of the surface oxygen content (see Figures S7 and S8), due to redox reactions occurring on the surface, or other electrostatic or covalent molecule-surface interactions appearing during the experiments [58,59]. These effects will be further discussed in the following sections.




3.4. Static Binding Capacity of CNT-K for Small Molecules


Before the interaction between the mobile phase, target adsorbates and CNT-K were studied inside the chromatographic column (dynamic processing), it is helpful to analyze the adsorption behavior of different model molecules on the particles under static conditions; i.e., to quantify this behavior. These so-called static binding capacity experiments were performed with maleic acid (MA) as the standard adsorbate and fumaric acid (FA) for comparison due to the similarity of its chemical structure (Figure 2a). Both carboxylic acids carry one or two negative charges in DI-water at neutral pH. Incubation of 24 h leads to an adsorption amount higher than 100 mg/g, probably caused by electrostatic and polar interactions between the negative molecules and the positive, hydrated nanotube’s outer surface. Moreover, both the capillarity effect on the spongy agglomerates and the possibility of precipitation and crystallization of the organic molecules on the nanotubes further explain the high adsorption capacity [60]. In addition, π-π interactions between the carbon acids and CNT-K can occur. To gain further insight into the interaction of the CNT-K with small molecules, several other adsorbates with different properties were analyzed. The amino acids histidine (His), phenylalanine (Phe) and tryptophan (Trp) were selected as aromatic representatives, which suggest dominating π-π interactions, while alanine (Ala) was selected due to its aliphatic structure. All molecules were dissolved at their pIs, leading to net charges in solution. The isotherms in Figure 2b show that only Trp follows a typical saturation trend with increasing equilibrium concentration and a maximum of up to 75 mg/g. His and Phe adsorb exponentially after an overload, which indicates weak π-π interactions, whereas Ala shows a typical multi-layer behavior. All amino acids reach similar adsorbed amounts to the ones of the carbon acids around the equilibrium concentrations of 5 g/L, although their adsorption behaviors are different. The exception is alanine, which reveals clearly higher adsorbed amounts. Hence, CNT-K exhibit not only a high interaction capacity with the molecule selected, but also have different interaction mechanisms, depending on the target molecule properties. The first attribute, the adsorption capability of the CNT-K, is a critical requirement for the profitability of the PCC process, while the second attribute, the existence of various interaction mechanisms, is also an important feature necessary for triggering molecule adsorption and separation in the through-flow system. Thus, both points indicate that the CNT-K material is suitable for the development of a potential-controlled separation technology.




3.5. Electrochemical Characterization of the Packed Bed


Chronoamperometry and cyclic voltammetry experiments were performed to study the electrochemical effects which occur inside the particulate fixed bed electrode, between the material surface and the mobile phase environment, when a potential is applied. Unlike conventional systems, which often operate in static conditions, the major goal here was to determine the operating quality by analyzing the response of the MWCNT packed bed directly in the flow cell. Accordingly, a constant potential was applied in the chronoamperometry measurements to first determine the potential-dependent current profile and its stabilization over time. The changes in the current profile led to a greater understanding of the electrochemical double layer (EDL) rearrangement, and later, the aging effects of the MWCNT matrix, which occur due to structural changes of the matrix or of the surface groups’ chemistry. As the through flow of the mobile phase is expected to play a role in the EDL, it was kept constant at 1 mL/min during all experiments.



Regarding the chronoamperometry experiments (Figure 3), immediate changes in the current strength are recognizable when a constant potential is applied to the particulate electrode over a defined process time. Simultaneously, the enforced changes in the electrode surface charge provoke a rearrangement of the ions in solution. The time needed to load the capacitor and to reach a stable current corresponds to the EDL rearrangement rate, whereas the mean current in this region after the exponential rearrangement represents the resistance in a non-ideal capacitor setup. As the profiles of the electric current converge to a constant value and do not achieve zero, which would be typical for an ideal capacitor, capacitive and faradaic current must exist in the PCC system. By comparing the constitutions of several packed CNT-K columns chromatographically with tracer experiments and electrochemically with chronoamperometry, we determined that the higher the current strength, the greater the CNT mass in the system. This correlates with the fact that more particle-particle contacts are available, as the MWCNT matrix is more homogeneous. The analysis of the response of various columns chronoamperometrically enables us not only to identify the constitution of the column, but also record the aging of the MWCNT matrix. This information on the life cycle of the particulate packed bed is directly connected to the quality of the particulate electrode and is extremely relevant for the consistency of results in a chromatographic, electrically driven process.



The chronoamperograms in Figure 3 demonstrated that the influence of the low volume flow rate significantly lengthens the EDL rearrangement time in comparison with static experiments, where it only takes a few seconds [61]. Figure 3a presents a chronoamperogram of a packed bed shortly after the packing process. The EDL rearrangement time is approximately 60 s for +800 mV and 120 s for −800 mV, and the current profiles maintain high mean currents after the exponential current decrease/increase. The response of one package looks different after repeated use and several processing cycles: aging leads to a longer EDL rearrangement time and a reduction of the mean current (Figure 3b). This change is interpreted as a degradation of the MWCNT matrix, which is also detectable with tracer experiments (for the chromatographic characterization see Figure S9). A possible reason for the modification of the MWCNT matrix is the mutual repulsion of the tubes due to charging the surface through the repeated application of an electrical potential [62]. This aging effect reduces the number of particle-particle contact points and changes the fluid pathway through the column. In addition to structural changes, the increase in the column resistance might be due to irreversible redox reactions on the surface [63], as confirmed by XPS results (see Section 3.3).



By plotting the mean current after EDL rearrangement over the applied potential, the relationship between current/potential and packed bed constitution is represented (see Figure 3c), showing higher mean current for freshly packed, more homogeneous MWCNT electrodes. In addition to the information on packing structure and aging effects, the slightly hyperbolic trend of the current, determined at higher potentials (positive and negative), indicates the presence of faradaic current, which points to redox reactions. This phenomenon appears at the outer measurement limit, between −500 and −800 mV, at which CNT material can oxidize. The linear regime, visible at lower applied potentials, represents dominating physicosorptive effects and capacitive current. The x-axis intersection is around +100 mV and corresponds to the point zero current of the total working electrode. The further the applied potential is from this point, the higher the net current is and the more likely it is that faradaic current occurs. The electrical charge of the particle electrode is potential-dependent and increases with higher applied potential. Thus, more than −500 mC can be obtained at the beginning of the column life (if −800 mV are applied), while the electric charge decreases with column aging (Figure S10).



Another characteristic factor calculated from the mean current of the chronoamperometry measurements is the specific resistance of the packed bed (see Equation S2), which is approximately 1.44 × 106 Ω mm2/m in the best case at ±800 mV (lowest resistance) (Figure 3a). This high resistance corresponds more to the resistance of tap water than to the expected MWCNT resistance (electrical conductivity, 1300 mS/cm [54] or even higher [64]). The high CNT-K column resistance is not surprising, as 93% of the MWCNT matrix contains DI-water, which has a poor conductivity (<0.02 mS/cm). Getting more than 0.5 g of particles into the system to increase the particle-particle contact points and to reduce the amount of water and the packed bed resistance is still a challenge because the CNT-K matrix swells in water and becomes tightly packed with high backpressure, thereby reducing the homogeneity of the packed bed and the flow profile quality.




3.6. Response of the System in Presence of Buffer Ions


To investigate the influence of the buffer ions on the electrochemical double layer and the column resistance, experiments with 10 mM phosphate buffer, conventionally employed in biotechnology, were carried out. Additionally, DI water experiments were run again for the direct comparison of results. These experiments confirmed the reproducibility of the current response behavior of the PCC column described in Section 3.5 as well as the aging effect, which is present for buffer and DI-water (after more than 250 working hours). The current/potential diagram in Figure 4 presents the relationship between the applied potential, the current, the electrode aging and the effect of the buffer ions. It shows that the mean current value increases in the phosphate buffer environment and the packed bed resistance decreases, caused by the higher ion concentration in the system. In addition, the EDL rearrangement time is longer (see Figure S11), and a higher concentration gradient is expected between the MWCNT surface and the bulk solution.



The aging of the electrode is caused by repeated use, which leads to structural changes in the CNT-K matrix (see Figure S12 for tracer experiments to demonstrate the aging of the MWCNT matrix). Consequently, the mean current decreases and the EDL rearrangement time changes. In the DI-water system, the mean current profile decreases, especially at high negative potentials when aging takes place, whereas this development is substantially less pronounced for the buffer. This non-linear behavior in the DI-water environment indicates that a detectable increase in electron transfer is present when fewer ions are available. Regarding the packed bed resistance, the ion rich buffer seems to be the more promising medium for an electrochemical cell, resulting in 6.47 × 105 mm2/m at the beginning and in 1.32 × 106 Ω mm2/m after aging. In comparison, the DI-water system reaches packed bed resistances between 1.26 × 106 Ω mm2/m and 1.09 × 109 Ω mm2/m. The electric charge of the working electrode correlates with the ion concentration (Figure S13): if more ions are available in the system, the electric charge is higher, up to ±1000 mC, while it is around ±500 mC in DI-water, independent of the potential-switch order of chronoamperometry experiments (Figure S14). A loss of electric charge occurs when aging effects occur, as caused by structural changes in the CNT matrix and redox reactions on the surface.




3.7. Sensitivity of the Electrochemical Process to the Environment


Along with chronoamperometry, in which the effect of the ion concentration on the current strength is determined, cyclic voltammetry (CV) is used to enhance the understanding of the electrochemical effects occurring in the particle based, through-flow electrode (Figure 5). To get more information about the potential-dependent adsorption of ions from the mobile phase, pH and conductivity are measured simultaneously to obtain the current values. The typical CV for a CNT-K column is presented in Figure 5a using DI-water as the mobile phase (1 mV/s). A reproducible current profile exists when a positive potential is applied, which represents reversible surface modification that includes the rearrangement of the EDL and the surface reactions. If negative potential gradients are applied, changes in the current profile are recognizable and an exponential current increase is detected. These changes are particularly pronounced between −500 and −800 mV and become less significant with each cycle, because the initial surface properties change more markedly at the beginning due to compensation from redox reactions, which take place on the electrode surface. This type of particle aging, discussed in literature [53,65], is consistent with our previous results (see Section 3.3 and Section 3.5) and helps to understand and confirm them. Regarding the shape of the CV, the flat and almost rectangular profile corresponds to a capacitor under flow [51,53,61,65,66,67] with current strength up to 200 μA [49,51,66]. Alongside the fluid dynamical effects, leakage current can shift the CV shape [68].



The CV in Figure 5b was run in another column with 0.1 mV/s to guarantee a complete picture of the voltage gradient influence on the current profile and pH value regarding a DI-water and buffer system. In the buffer system, the electrical current is higher and the CV shape is more pronounced, and the cathodic current shape is quite similar to anodic, suggesting a capacitor behavior and a reversible system [51]. The aging of the column due to redox reactions at the negative potential region is negligible in comparison to the CV with DI-water.



It is very interesting to follow pH and conductivity changes in the flow cell following potential application and to compare both systems, water and buffer. These effects increase understanding of what happens on the electrochemical double layer. The effect of the CV experiment in Figure 5b (increase from 0 mV to +800 mV, followed by a decrease to −800 mV and back) on the pH-value and the conductivity of the mobile phase are presented in Figure 5c,d. Even if the electrical current of DI water system is lower under applied potential due to the smaller number of ions in comparison to the buffer system, the pH value oscillates substantially upon applying a potential gradient. If the potential changes, the ion concentration in the bulk is disturbed, immediately influencing the pH value due to the adsorption or desorption of oxonium and hydroxyl ions inversely to the applied potential value (pH decrease at positive potential and pH increase at negative potential). At the same time, the low amount of salt ions in DI-water is responsible for the change in the mobile phase conductivity. The cation exchange membrane likely plays a role in the total system and interacts with the salt ions, too (for more details see Figure S15). However, the surface area of the membrane, and hence its number of binding sites, is less than the surface area of the electrode. If a buffer is used as a surrounding medium, the impact is clearly smaller and the signal output is more balanced because enough ions are available to dampen the concentration gradient of the mobile phase medium and the CNT-K surface (at least in the range of the chosen concentration profile). The regulation of the pH value is essential for biotechnological applications, the long-term target for our PCC process. Regarding this, the buffer system is more suitable for further application.




3.8. Potential-Controlled Interaction between Electrode and a Charged Molecule: Influence on Retention and Elution


The final goal of the PCC process is to separate molecules. To meet this objective, we studied the retention and elution of one model adsorbate, maleic acid, in the two media: DI-water and buffer. This molecule has two carboxyl groups and up to two negative charges at neutral pH. To analyze the potential influence on the column capacity, potential-step experiments were carried out. In the so-called adsorption phase, constant positive or negative potentials are applied to the CNT electrode, which induce a retention or a repulsion of the molecule. In the desorption phase, the potential is switched to -800 mV, which leads to a desorption of the previously adsorbed molecules. The injection concentration of maleic acid was chosen to be as high as the column overload, to underscore the potential effect on the adsorption and to induce a first breakthrough in the adsorption phase. Figure 6a represents typical chromatograms for maleic acid in a DI-water system. As expected, the twice negatively charged molecule does not adsorb at higher negative potential, slightly adsorbs if no potential is applied and almost completely adsorbs if a positive potential is applied (no peak appears here). If the elution is enforced by the potential switch to −800 mV, the amount of potential-dependent adsorbed maleic acid is visible in the elution peak, corresponding to the column capacity. The higher the applied positive potential, the more binding sites are on the CNT surface, and thus the higher the column capacity. However, due to the positive ocp of the CNT matrix, maleic acid is adsorbed without a potential being applied, and even −300 mV cannot interrupt the interaction of the CNT-K and the adsorbate. If a 10 mM phosphate buffer is selected as the mobile phase (see Figure 6b), the adsorption capacity for maleic acid decreases, because of the competition between the adsorbate and buffer ions for binding sites. Although the electrical conductivity is improved in the electrochemical experiments in the presence of a buffer, the concurring buffer ions occupy and somehow create a barrier between the MWCNT surface and the adsorbate [19,66]. Consequently, a buffer as a mobile phase, even if positive for the process, also has a limiting effect regarding the electrode capacity.



Figure 7 contains a plot of the percentages of the adsorbed maleic acid in DI-water and 10 mM phosphate buffer respectively, at different potentials. The use of an ionic mobile phase decreases the retention capacity for maleic acid. Thus, 92% of maleic acid is adsorbed with DI-water at +800 mV, while the hindrance due to the buffer ions reduces the value to just 43% maleic acid when a buffer is used. Furthermore, an exponential correlation between applied potential and column capacity is given within each mobile phase: 0.062 × e0.4x for DI-water and 0.005 × e0.6x for phosphate buffer.



Additional potential-step experiments in three independent PCC columns using DI-water and 5 g/L maleic acid demonstrate the reproducibility of the results (Figure S16). All experiments show that if more than the minimal saturation amount of maleic acid is injected (the column is overloaded), over 80% of the molecules are adsorbed at +800 mV and are eluted when the potential switch to −800 mV takes place. Reducing the injection concentration of maleic acid from 5 g/L to only 2 g/L (column C, Figures S17 and S18), 100% of the maleic acid can be bound at +800 mV in DI-water. These results confirm that PCC works when using CNT-K as a stationary phase and working electrode. They also highlight the differences between water and buffer as mobile phase and that water offers advantages for higher adsorption capacity.





4. Conclusions and Outlook


Carbon nanotubes are a material with exciting properties. For potential-controlled chromatography, they are primarily interesting due to their conductivity, inertness and high surface area. Our work demonstrates that CNT-K can be used as 3D packed bed electrode to electrically trigger retention and elution of maleic acid under flow in a chromatographic set up. Nevertheless, the nanotubes are also a challenging material. While our column optimization leads to a homogeneous and stable packed bed, the matrix structure suffers, and the packing loses homogeneity after approximately 300 working hours, as we have learned from chronoamperometry and cyclic voltammetry measurements. Along with the structural degradation, redox reactions take place on the carbon surface and change the electrode properties. Thus, aging causes a loss of consistency and efficiency of the potential-dependent retention process. This work focusses on understanding fundamental dependencies and effects in the PCC process to evaluate the impacts of individual components on the solid-liquid interface. The presence of capacitive and faradaic currents is confirmed; and column characteristics, such as the electric charge of the packing and the specific resistance, are determined at different applied potentials. As far as we know, there have been no similar analyses of the interaction of a multi-walled carbon nanotube solid phase with water in a through-flow cell, which, as we have demonstrated, induces a pH shift of the solution. Although the column resistance in water is high, the adsorption capacity for maleic acid is significantly higher (≈40%) than in 10 mM phosphate buffer, where ion hinderance is more relevant. In presence of a buffer, the faradaic current is reduced and the pH value stabilized. This knowledge is important for later applications in biotechnology or other life sciences, wherein many target molecules are sensitive to pH oscillations.



In this study, we demonstrated that the combination of electrochemistry and chromatography is a powerful strategy to evaluate quality and aging of the nanotube packed bed; to record and control the potential-controlled sorption process; and to estimate column performance. However, parameters such as the influence of the fluid dynamics and the effect of different electrolytes are also highly relevant and should be examined in future work. In addition, we continue to work toward identifying the processing framework for enhanced interaction profiles between charged molecules and MWCNTs.
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Figure 1. Configuration of the MWCNT “CNT-K” (Future Carbon GmbH, Germany) at different scales. From left: (a) CNT-K agglomerate at macro scale (SEM, 2020×, Marco Breidinger); (b) surface of CNT-K agglomerates (SEM; 5000×, Katia Rodewald); (c) single CNT-K network at nano scale (TEM, 50,000×, Dr. Sebastian Schwaminger) 
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Figure 2. Static binding capacities of (a) two carbon acids isomers at pH = 7 and (b) four amino acids at pI (neutral charged). The adsorbed amount is related to the dry mass of CNT-K. The experiment was performed at RT, 24 h, 500 rpm, with 2 or 3 technical replicates, triple determination at 216 or 280 nm. 
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Figure 3. Chronoamperometry experiments in DI-water (1 mL/min) to determine the constitution of the packed bed in a column A: (a) electrode response at the beginning, (b) electrode response after aging, (c) current/potential diagram showing mean current after electrochemical double layer (EDL) rearrangement. The chromatographic interpretation of changes in the column constitution can be found in Figure S9 (tracer experiment). 
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Figure 4. Current/potential diagram to visualize the mean current after EDL rearrangement in a system with DI-water or 10 mM phosphate buffer as mobile phase (pH = 7.2, 1 mL/min). The MWCNT matrix was analyzed at an earlier stage (packed bed at initial condition) (a,c) and after long usage (after aging) (b,d). The experiments were performed with column B. The related chronoamperometry measurements and tracer experiments are illustrated in Figures S11 and S12. Information about the electric charge is given in Figures S13 and S14. 
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Figure 5. Cyclic voltammogram to compare two columns and two different mobile phases (1 mL/min). (a) Aging effect in a CNT-K column used with DI-water as the mobile phase (1 mV/s); (b) the current differences of DI-water (0.1 mV/s) and 10 mM phosphate buffer (1 mV/s) determined in another column B; (c) the cyclic potential’s influence on pH and conductivity using DI-water in column B; (d) the cyclic potential’s influence on pH and conductivity using 10 mM phosphate buffer in column B. The potential gradient increases from 0 mV to +800 mV; then decreases to −800 mV; and increases again to +800 mV. The cycle is run three times and then stopped at 0 mV. 
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Figure 6. Potential-step experiments to determine the retention of maleic acid in (a) DI-water and (b) 10 mM phosphate buffer (pH ≈ 7, 50 μL, 1 mL/min, 216 nm). The experiment was executed with different potentials applied during the adsorption phase (see legend); the elution was repeated each time with a potential switch to −800 mV (horizontal line): (a) injection of 5 g/L maleic acid in DI-water; (b) injection of 5 g/L maleic acid in 10 mM phosphate buffer. The experiment was performed in column B with a potential switch at 30 mL. 
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Figure 7. Relative amounts of maleic acid in the adsorption phase (shaded bars) and in the desorption phase (bare bars). Potential-step experiment with 5 g/L maleic acid in DI-water (blue) and 10 mM phosphate buffer (green) (1 mL/min, 50 μL, 216 nm). The adsorption phase was executed by applying different potentials (x-axis); a potential switch to −800 mV induced the elution phase. The experiment was performed in a column B with a potential switch after 30 mL (experiments repeated twice). 
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Table 1. Determination of surface oxygen content using X-ray photoelectron spectroscopy for untreated (as provided by the producer), conditioned (acidic treatment, washed, stored as DI-water slurry and dried) and used CNT-K (applied in different packed beds). The spectra and further information are found in Figures S7 and S8. The material was washed several times with DI-water to avoid adsorbate residues.
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	Sample
	O/C





	Untreated powder
	0.057



	Conditioned CNT-K
	0.069



	CNT-K packed bed column 1
	0.165



	CNT-K packed bed column 2
	0.138



	CNT-K packed bed column 3
	0.142
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