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Abstract

:

To improve water vapor adsorption, this study employed oxalic acid–ethyl acetate acidic hydrolysis to modify honeycomb activated carbon and introduce hydrophilic functional groups. Scanning electron microscopy (SEM), Boehm titration, Fourier transform infrared spectroscopy (FT-IR), and an automatic surface area analyzer (BET) were used to characterize the microscopic morphology, surface functional groups, specific surface area, and pore size changes. The results showed that, when the concentration of oxalic acid is 0.0006 mol/cm3, the specific surface area is 179.06 m2/g. After hydrolysis with ethyl acetate, the original functional groups became more abundant, while the number of total acidic functional groups on the surface grew from 0.497 mmol/g to 1.437 mmol/g. The static water vapor adsorption experiments were conducted on modified activated carbon under constant temperature and humidity conditions. Compared with unmodified activated carbon, the activated carbon modified with 0.0006 mol/cm3 oxalic acid increased the adsorption capacity of water vapor by 15.7%. The adsorption capacity of activated carbon after being combined with 0.0006 mol/cm3 oxalic acid and ester hydrolysis modification increased by 37.1%. At the same temperature, the adsorption capacity increased with a higher relative humidity. At the same relative humidity, the adsorption capacity decreased as the temperature rose. Therefore, this modification method may provide clues for the application of enhancing the hygroscopic ability of activated carbon.
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1. Introduction


Activated carbon is a porous product made from the carbonization and activation of carbon-containing raw materials at high temperatures. The product has a black appearance and a porous interior structure. Due to its massive specific surface area, abundant surface chemical groups, and high adsorption capacity, activated carbon has been widely used as an adsorbent, catalyst, and catalyst carrier, which are commonly seen in separation, purification, and catalytic process. The performance of activated carbon as an adsorption material depends largely on the geometry, volume, and particularly the size of the pores in the material [1]. However, it is difficult for traditional methods to prepare high-quality activated carbon with specific functions. By changing the physicochemical properties of the activated carbon surface and optimizing the full potential of its adsorption properties, it is possible to satisfy the increasing needs of production, life, and engineering experiments.



The surface acidity of activated carbon is related to the surface oxygen content, which is closely influenced by the existence of acid groups, such as carboxyl, phenolic hydroxyl, and lactone in the structure. The purpose of the surface modification cationic method is to improve the surface acidity, mainly increasing the carboxylic acid content [2]. At present, oxidation modification is one of the main ways to enhance the surface acidity of activated carbon. Strong oxidants such as KMnO4, HNO3, ozone, and H2O2 are mainly used to oxidize activated carbon under certain conditions, thus introducing or increasing hydrophilic acidic oxygen-containing functional groups (lactone group, carbonyl group, carboxyl group, phenolic hydroxyl group, etc.) [3] on the surface of activated carbon, and improving the overall hydrophilicity of activated carbon. Lesaoana [4] impregnated Macadamia activated carbon (MAC) with concentrations of sulfuric acid, phosphoric acid, or nitric acid (20–60% v/v). The area of the pristine MAC surface increased from 545 to 824 m2/g upon the acid treatment. Recently, Yao et al. [5] reported an improvement in adsorption capacity from 68.14 to 91.66 mg/g following a secondary treatment of ACs with a nitric acid solution. Badie [6] studied the method of pyrolysis modified by H3PO4 and the results showed that it could promote the formation of oxygen-containing functional groups on the surface of activated carbon, and the adsorption capacity for Pb2+ would reach 299 mg/g about two times before modification. Wang et al. [7] found that the acetaldehyde adsorption capacity of activated carbon treated by oxidation, especially nitric acid, was significantly improved. On top of that, the number of acidic oxygen-containing groups in modified carbide-derived carbon (CDC) also increased, as the adsorption performance improved greatly. The adsorption energy of the acetaldehyde molecule and pristine graphene was 10.79 KJ/mol, while the adsorption energy of the acetaldehyde molecule and functionalized graphene increased to 39.95 KJ/mol. Lemus et al. [8] modified commercial activated carbon by heating and through oxidation (nitric acid and ammonium persulfate), which improved its alkalinity and adsorption capacity. In addition, the pore structure, specific surface area, volume, and pore size of modified carbon materials may also change. Kim et al. [9] used phosphoric acid (PA) to oxidize activated carbon (AC). In their study, granular type AC (30–35 mesh, Samchully, Korea), prepared from coconut shells was used after any impurities were removed through purification. Purified AC was prepared by boiling the AC for 5 h in a water bath five times, and it was dried for 12 h in a drying oven at 100 °C. Furthermore, they measured the adsorption capacity of modified activated carbon (PA/AC) against the mixed gas system of different components. The adsorption capacity of PA/AC for toluene and methyl ethyl ketone (MEK) became higher than that of unmodified activated carbon as the specific surface area and pore volume of PA/AC increased. The adsorbed MEK was almost completely desorbed by supplying a stream of toluene at 25 °C. The desorption efficiency of PA/AC for toluene and MEK was above 98% at 300 °C. Generally speaking, the oxygen-containing functional groups formed in the modification process have greatly influenced the performance of activated carbon adsorbents due to their enhancement of the polarity and wettability of carbon, and especially the improvement on the adsorption performance of polar organic compounds [3].



The specific surface area, pore structure, and surface chemical characteristics of activated carbon determine the adsorption performance of activated carbon. To be specific, specific surface area and the spatial layout of pore structure play a decisive role in the adsorption capacity of activated carbon [10,11,12]. As for surface chemical characteristics, such as the types and quantities of surface compounds, surface oxygen-containing functional groups, and surface heteroatoms, they greatly affect the interaction between polar adsorbates or nonpolar adsorbates and activated carbon [3]. The existence of these oxygen-containing functional groups affects the micro physicochemical properties of the activated carbon surface, either directly or indirectly, and affects the macro adsorption performance of activated carbon.



Although HNO3 and other strong oxidizing acids used to modify activated carbon will increase the oxygen-containing functional groups on the surface, the disadvantages are also obvious as they destroy the pore structure of activated carbon when the pore size is collapsed. This paper starts with changing the physical and chemical characteristics of the activated carbon surface. Firstly, the honeycomb activated carbon was modified by oxalic acid to avoid the shrinkage of pore size [1] and specific surface area decrease that may adversely affect the adsorption effect with strong acid modification. Then, the hydrolysis of ethyl acetate led to more oxygen-containing functional groups on the surface of the activated carbon, which improved the polarity of the activated carbon surface. Meanwhile, specific hydrophilic groups were introduced to enhance the selective adsorption of water vapor by activated carbon, which minimized damage to the pore structure and maintained the activated carbon’s quality. Given the above research, this paper highlighted changes to the micro-morphology surface functional groups and categorized them using a scanning electron microscope (SEM), Fourier transform infrared spectroscopy, Boehm titration, and automatic specific surface area analyzer before analyzing the effects of different modification conditions on the water vapor adsorption of activated carbon.




2. Preparation and Surface Properties of Hydrophilic Activated Carbon


2.1. Surface Modification


Surface acid modification: Soak 3 g of clean activated carbon in a large test tube in boiling water for 10 min, and stir continuously with a glass rod. After draining the water, then wash it with deionized water 3~5 times. Put the activated carbon into a drying oven and dry it at 50 °C for 12 h, which produces the unmodified original activated carbon. Put 3 g of unmodified activated carbon into a large test tube, and prepare oxalic acid solutions of volumes of 0.0003 mol/cm3, 0.0006 mol/cm3, 0.0009 mol/cm3, 0.0012 mol/cm3, and 0.0018 mol/cm3 in turn. Pour 30 mL of oxalic acid into the large test tube, and shake and place the tube in a constant temperature water bath of 40 °C. Stir the crystallization precipitation of the high-concentration oxalic acid solution once every hour with a glass rod instead of preventing the solution from being left still at a low temperature for a long time, which would affect the acid impregnation effect. After dipping for 24 h, take the activated carbon out, and wash it with deionized water several times to get a neutral pH. Then, dry the activated carbon at 80 °C. By then, label the activated carbon as acid-modified activated carbon.



Surface ester hydrolysis modification: Take 1 g of activated carbon modified by oxalic acid with different concentrations, and add oxalic acid solution and ethyl acetate solution with different concentrations at a ratio of 1:3. The oxalic acid solution should first be introduced into the surface of activated carbon before being poured into ethyl acetate solution. Finally, it should be placed in a constant temperature water bath at 40 °C for hydrolysis reaction. Due to excessive ethyl acetate, the previously added oxalic acid will react fully and eventually hydrolyze into acetic acid and ethanol. After being kept still for 24 h, wash the dry activated carbon with deionized water for subsequent use. In this process, the unreacted ethyl acetate and the generated ethanol in the activated carbon are volatile due to heat changes. After modification, only hydrophilic acetic acid molecules stay on the surface of activated carbon.




2.2. Analysis and Test Methods of Modified Activated Carbon


2.2.1. BET


The International Union of Pure and Applied Chemistry (IUPAC) grouped adsorption isotherms into six categories [13], laying out the evolution basis of actually various adsorption isotherms through different combinations. Therefore, the surface characteristics of adsorbent pore distribution and the interactions between adsorbents can be identified by different types of adsorption isotherms.



The automatic specific surface area pore size analyzer (BET) (model: ASAP 2460) measured the N2 adsorption−desorption isotherms of activated honeycomb carbon that is modified and unmodified by carbon oxalic acid with different concentrations at an ambient temperature of 77 K.




2.2.2. SEM


The scanning electron microscope (SEM) (model: TESCAN MIRA 4) monitored the surface morphology of activated carbon before and after the modification.




2.2.3. FT-IR


Fourier transform infrared spectroscopy (FT-IR) (model: Bruker MPA and Tensor 27, Billerica, MA, USA) recorded the changes in oxygen-containing functional groups on the surface of modified honeycomb activated carbon.




2.2.4. Boehm Titration


Oxygen on the surface of activated carbon exists as oxygen-containing functional groups, such as hydroxyl, carbonyl, carboxyl, and lactone groups to regulate its surface acidity and alkalinity [14]. The Boehm titration method was proposed by H.P. Boehm in 1962 to analyze types and quantities of functional groups as different acidic oxygen-containing functional groups on the surface of activated carbon that react differently in specific alkali solutions at various strengths [15,16]. Boehm titration is simple and easy, thus being widely used in the quantitative chemical analysis of the activated carbon surface. The method is mainly used to detect the content of carboxyl, phenolic hydroxyl, and lactone functional groups existing on the activated carbon surface [17,18,19].



Before the experiment, we prepared 0.0001 mol/cm3 standard solutions of sodium hydroxide, sodium carbonate, and sodium bicarbonate. For each measurement (taking the measurement of unmodified activated carbon as an example, the operation of modified activated carbon being similar), 1 g of the activated carbon sample was put into three conical flasks as the NaOH solution impregnation, Na2CO3 solution impregnation, and NaHCO3 solution impregnation, respectively. Then, 25 mL of NaOH solution, Na2CO3 solution, and NaHCO3 solution were respectively added to the labeled conical flasks. The solutions were then shaken for a while in a sealed bottle to mix the material before leaving them in a constant temperature water bath at 25 °C for 24 h for later filtering. We then removed 10 mL of filtrate with a pipette and diluted it to 50 mL. Then, the filtrate impregnated with NaOH, Na2CO3, and NaHCO3 solution were titrated with hydrochloric acid standard solution (0.00001 mol/cm3), with methyl orange as the indicator of the titration end point. The titration ended as the color changed from light yellow to light red. The amount of change to the hydrochloric acid represented the consumption of NaOH solution, Na2CO3 solution, and NaHCO3 solution in the process. The neutralization value of NaHCO3 solution represents the content of carboxyl; the neutralization value of Na2CO3 solution represents the total content of lactone and carboxyl functional groups on the surface of activated carbon; and the neutralization value of NaOH solution represents the total content of carboxyl, lactone, and phenolic hydroxyl functional groups. The differences in the above mentioned alkali neutralization values indicate the number of single base groups. Therefore, the total number of acidic groups on the surface of activated carbon can be denoted as (1):


  a =     V ×  C  NaOH   + 25 ×  C 0  − 50 ×  C  HCL      M   



(1)




where the a represents the total number of acidic oxygen-containing groups measured by mmol/g; V is for the Volume of NaOH standard solution consumed for titration of excess hydrochloric acid measured by mL; C0 is for the concentration of lye used measured by mol/L; CHCl represents the concentration of hydrochloric acid solution used measured by mol/L; CNaOH reflects the concentration of NaOH solution used for titration of excess hydrochloric acid measured by mol/L; and M is the activated carbon sample quantity measured by g.



The content of the lactone group can be denoted as (2):


   a   lactone   group    =  a    Na  2    CO  3    −  a    NaHCO  3     



(2)







The content of phenolic hydroxyl group can be denoted as (3):


   a   phenolic   hydroxyl    =  a  NaOH   −  a    Na  2    CO  3     



(3)










3. Water Vapor Adsorption Performance of Modified Activated Carbon


3.1. Activated Carbon Adsorption Theory


Since the atomic force field on the adsorbent surface is unsaturated and has excess capacity, the solid can adsorb other substances. When gas molecules move to the solid surface and collide with it, some of them will be adsorbed by the solid and release a certain amount of adsorption heat. However, solid surfaces saturated with adsorption will not be adsorbed again during the collision. For some adsorbed molecules, when the potential barrier of the gravity field of the adsorbent is lower than the kinetic energy of thermal motion, it will leave the adsorbent and return to the gas phase. In addition, the surface of adsorbed molecules is uniform and they will not be affected by each other. Furthermore, the opportunity to return to the gas phase is not affected by adjacent adsorbed molecules or adsorption positions.



According to the resulting contrast between the thickness of the gas adsorbed on the solid surface and the molecule, it can be classified into monolayer adsorption and multi-layer adsorption. The first molecular layer of multi-layer adsorption is usually called the monolayer. There is capillary condensation adsorption on the surface of mesopores and micropore volume filling adsorption inside micropores based on the pore size and adsorption location. As for the adsorption properties, there is physical adsorption and chemical adsorption, of which the latter is monolayer adsorption and the former is mostly multilayer adsorption, though monolayer adsorption may occur sometimes. In the actual adsorption process, there are no strict criteria to distinguish physical adsorption from chemical adsorption, and it is inappropriate to regard the process as a single physical adsorption or chemical adsorption. For the same substance, physical adsorption may change to chemical adsorption at different temperatures, and both adsorptions may also occur at the same time.




3.2. Static Adsorption Performance of Modified Activated Carbon for Water Vapor


A programmable constant-temperature–humidity cabinet (model: Byes-225L) performed the test of the temperature and humidity control accuracy of the water vapor adsorption capacity of the activated carbon under different modification methods, which is expressed by the mass of water vapor adsorbed by unit mass of activated carbon. The constant-temperature–humidity box ensures that activated carbon adsorbs water vapor under a relatively constant temperature and humidity condition. To meet this end, three groups of temperature and humidity conditions were set in the experiment, the overall temperature was controlled at 20.5 °C~30.5 °C, and the relative humidity was controlled at 60%~90%.



We weighed 1 g of activated carbon with an electronic balance (model: FA224C, accuracy: 0.001 g), and put it in a blast drying oven (model: LDO-9240A, temperature fluctuates) to dry at 120 °C for 30 min. When the activated carbon cooled down to room temperature in the oven, it was then put in a constant-temperature–humidity cabinet at preset temperature and humidity conditions. The activated carbon was weighed every ten minutes, and then it was immediately returned to the constant-temperature–humidity cabinet. During this process, it is necessary to avoid temperature and humidity fluctuations in the room caused by the door opening when entering or leaving the room. The experiment tested the weight-gaining changes of the activated carbon in an hour. When the difference between two groups of measured values is less than 2%, the adsorption capacity of activated carbon is considered to be saturated, thus calculating the dynamic change of water vapor adsorption capacity per unit mass. The adsorption capacity m per unit mass of activated carbon can be denoted as (4):


m = mt − m0



(4)




where m is the adsorption capacity of activated carbon per unit mass, m0 reflects initial mass of activated carbon measured by g, and mt represents mass weighed within test time t, measured by g.



The experiment process was repeated three times to avoid data randomness.





4. Results and Discussion


4.1. BET


As shown in Figure 1, all activated carbon samples show the pattern of Type II adsorption isotherm, also known as the inverse S adsorption isotherm. This illustrates that the adsorption in the samples affiliates to multi-molecular layer adsorption on the surface of a non-porous solid. When P/P0 < 0.03, the adsorption capacity of activated carbon for nitrogen increases rapidly. When P/P0 ranges between 0.03 and 0.8, the first half of the isotherm climbs slowly as the mesoporous adsorption plays a dominant role. Followed by an upward convex shape, the adsorption of the first layer is roughly completed, indicating the saturated adsorption capacity of the monolayer. When P/P0 > 0.8, the second layer of adsorption begins growing, and the isotherm exhibits an upward convex to form a steep slope. Under an increasing relative pressure, the adsorption capacity grows dramatically due to the capillary condensation of the adsorbate, while the adsorption isotherm in the second half tilts upwards rapidly. When P/P0 approaches the saturated vapor pressure, the adsorption saturation is not yet reached. As shown in Figure 2, the adsorption capacity of activated carbon for nitrogen follows the order of 0.0006 mol/cm3 oxalic acid modification > 0.0009 mol/cm3 oxalic acid modification > 0.0012 mol/cm3 oxalic acid modification > 0.0003 mol/cm3 oxalic acid modification > unmodified, indicating that the increase in mesopores enhances the adsorption capacity of activated carbon. With the increase in pores after modification, the order of specific surface area is consistent with the adsorption capacity. The larger the specific surface area, the greater the adsorption capacity.



In Figure 3, most of the pores in the activated carbon are mesopores with a width less than 5 nm, mainly 3.5 nm. After oxidation, the mesopores developed greatly, and the pore size ranged from 10 nm to 70 nm.



The specific surface area and cumulative pore volume of activated carbon modified by acid with different concentrations are shown in Figure 4. The specific surface area of untreated activated carbon is 134 m2/g, and the pore volume and pore size are 0.18406 cm3/g and 5.46 nm, respectively. As oxalic acid concentration increases, the specific surface area and pore volume grow and the pore size shrinks. When the oxalic acid concentration is at 0.0006 mol/cm3, the specific surface area reaches the maximum of 179.06 m2/g, 25.7% higher than that of unmodified honeycomb activated carbon. The pore volume increases by 9.09% to the maximum value of 0.20088 cm3/g. The average pore size of mesopores increases by 15.56% to 6.86 nm. Since the impurities, ashes, and excessive binders on the surface of activated carbon cannot be eliminated at low impregnation concentrations, the surface structure of activated carbon may have been destroyed irreversibly with the extremely high concentration of the impregnation solution, leading to the collapse of internal pores and the decrease in specific surface area, pore volume, and average mesoporous pore size.




4.2. SEM


Figure 5a–c shows SEM images of the unmodified activated carbon at 100 μm, 20 μm, and 1 μm, while images a′, b′, and c′ correspond to 0.0006 mol/cm3 oxalic acid modification at magnifications of 100 μm, 20 μm, and 1 μm SEM images of the activated carbon. It can be seen from the figure that the surface of the sample before modification is smooth and the number of surface mesopores is small. Upon oxalic acid modification, the micro-morphology of the activated carbon surface changes significantly, resulting in uneven, rough, porous, irregular pore shape and pore distribution, etc. These changes improve the specific surface area and pore structure, which is more conducive to the absorption of polar substances, such as water vapor, by activated carbon.




4.3. FT-IR


The FT-IR spectra of honeycomb activated carbon before and after modification are shown in Figure 6. For the original activated carbon, a wide absorption peak appears at 3427 cm−1 on the IR spectra due to the contracting vibrations of O-H in the phenolic hydroxyl and carboxyl functional groups. The absorption peak at the wave number 1055 cm−1 is presented by the stretching vibrations of -C-O-C in the alcohol hydroxyl group. The carbonyl absorption peak of the unmodified activated carbon appeared at 1447 cm−1 due to the asymmetric stretching vibration of the C=O bond in the carboxyl group. The peak at 480 480 cm−1 may be caused by the stretching vibrations of the metal–oxygen compound [20,21].



Compared with unmodified activated carbons, the activated carbon modified by 0.0006 mol/cm3 oxalic acid and by 0.0006 mol/cm3 oxalic acid and ester hydrolysis not only show absorption peaks at around 1055 cm−1, but also reach new absorption peaks at 1622 cm−1 and 1320 cm−1 as a result of the vibration of -C=O and -C-H, respectively. This indicates that some chemicals containing such functional groups were successfully introduced into the surface of the activated carbons. The modified C-O bond of the lactone group (C-O-C) will break, resulting in an increase in oxidizing groups on the surface of the activated carbon [6].



Compared with the unmodified honeycomb activated carbon, the honeycomb activated carbon after ester hydrolysis has a higher absorption peak intensity at 3200~3700 cm−1, indicating that the carboxyl functional groups on the surface of the honeycomb activated carbon modified by ester hydrolysis increase with the apparent stretching vibrations in the O-H bond. The endolipid group at 1320 cm−1 is derived from the carboxyl group, which can greatly enhance its adsorption capacity [22,23]. The peak intensity of the stretching vibrations of the modified C-O bond at 1055 cm−1 is stronger. At 3434 cm−1, 1622 cm−1, and 1055 cm−1, the intensity of the absorption peak on the two kinds of modified honeycomb activated carbon is significantly higher than that of the original activated carbon. This means that the hydroxyl contained by the modified honeycomb activated carbon is higher than that of the original activated carbon.



Spectral analysis shows that the modification of oxalic acid may cause the oxygen-containing functional groups on the surface to increase drastically, and so would the content of the acidic oxygen-containing functional groups (such as the ester group, carbonyl group, and carboxyl group) [13]. Moreover, oxalic acid surface oxidation modifies the functional groups on activated carbon, increases the abundance of oxyacid functional groups, and enhances its polarity and hydrophilicity. In general, the surface modification method for the purpose of increasing surface acidity must be targeted at increasing the carboxylic acid content [2].




4.4. Boehm Titration


Based on the titration calculation, Table 1 and Table 2 show the changes to the functional groups on the surface of the honeycomb activated carbon before and after modification.



In comparison, the total number of oxygen-containing functional groups on the surface of 0.0006 mol/cm3 oxalic acid-modified honeycomb activated carbon increases from 0.497 mmol/g to 0.7914 mmol/g, which is about 1.6 times higher than that of the unmodified carbon. The total number of oxygen-containing functional groups on the surface of 0.0006 mol/cm3 oxalic acid-modified and ester-hydrolyzed honeycomb activated carbon grows to 1.4377 mmol/g, which is about 2.9 times higher than that of the unmodified carbon. From the micro perspective, the acidity of the activated carbon surface increases with the growing accumulative acidic oxygen-containing functional groups, further improving the water vapor adsorption capacity of the activated carbon [24,25].



The combination of strong hydrophilic groups, such as hydroxyl and carboxyl groups, forms hydrogen bonds in newly introduced molecules with water molecules [26]. Facilitated by this, oxalic acid modification and ester hydrolysis change the types and quantities of functional groups on the surface of activated carbon, and optimize the physical and chemical properties of activated carbon, which improves the adsorption performance of activated carbon. The carboxyl group has significant polarity. There are two dipoles; the dipole moment of the hydroxyl group is greater than that of water, and the polarity of the carbonyl group is close to that of water because of the formation of a carbon–oxygen double bond. A carboxyl group can form two hydrogen bonds with a water molecule (double bond oxygen and hydrogen in water, oxygen in water and hydroxyl hydrogen of the carboxyl group), thus obviously improving the adsorption capacity for polar substances, such as water vapor [27,28].




4.5. Data Analysis of Adsorption Performance of Modified Activated Carbon for Water Vapor


Given the same temperature and humidity (30 °C, 80%), Figure 7 illustrates the static adsorption curves of activated carbon under different modification methods. In the first 10 min, the adsorption rate of activated carbon is obviously faster and the weight rises. Then, 30 min later, the adsorption capacity is close to saturation with a slowed rising speed. As shown in Figure 7a, the cumulative adsorption capacity of unmodified activated carbon reaches 0.07 g/g. The 0.0006 mol/cm3 oxalic acid-modified activated carbon exhibits a higher adsorption rate and a larger cumulative adsorption capacity of 0.081 g/g than that of unmodified and other modified activated carbon with varied acid concentrations. When comparing with the unmodified activated carbon, the adsorption capacity increased by 15.7%. The adsorption capacity of 0.0003 mol/cm3 oxalic acid-modified activated carbon is slightly higher than that of unmodified activated carbon, while the concentrations of 0.0009 mol/cm3, 0.0012 mol/cm3, and 0.0018 mol/cm3 oxalic acid-modified activated carbon were lower than that of the unmodified activated carbon in turn. The static adsorption results are similar to that of the specific surface area changes of activated carbon, which further illustrates an increasing specific surface area due to oxalic acid modification and the pore volume of honeycomb activated carbon. It is a useful means to improve the adsorption capacity of activated carbon [29].



Figure 7b demonstrates the dynamic curves of water vapor adsorption after the ester hydrolysis of unmodified or activated carbon modified with acid of different concentrations. The adsorption capacity of activated carbon is modified by 0.0006 mol/cm3 oxalic acid, so the ester hydrolysis changes significantly. In addition, the max adsorption capacity can reach 0.096 g/g, representing an increase of 37.1% compared with that of unmodified activated carbon. This illustrates that functional groups introduced after hydrolysis further improve the adsorption performance of activated carbon.



As shown in Figure 7a,b, the standard deviation of both figures is less than 1%, and the error of the experimental results is small.



The moisture absorption contrast experiments analyzed the water vapor adsorption properties of activated carbon that was unmodified, 0.0006 mol/cm3 oxalic acid modified, 0.0006 mol/cm3 oxalic acid modified, and ester hydrolyzed under different humidity or temperature conditions. As shown in Figure 8a, at the same temperature, the adsorption rate of activated carbon improves as the relative humidity increases in the space and the adsorption level grows higher. For activated carbon that is 0.0006 mol/cm3 oxalic acid modified and ester hydrolyzed, the cumulative adsorption capacity increases by 0.025 g/g for every 15% increase in relative humidity at a temperature of 30 °C. The max adsorption capacity per hour can reach 0.14 g/g when the relative humidity reaches 95%.



As shown in Figure 8b, under the same relative humidity, both the adsorption capacity and the adsorption rate of activated carbon decreases as the space temperature increases, accelerating the moisture absorption rate. For 0.0006 mol/cm3 oxalic acid-modified and ester-hydrolyzed activated carbon under 80% relative humidity, the cumulative adsorption capacity decreases by 0.02 g/g for every 5 °C increase in the temperature. Based on the theory of gas adsorption, the thermal movement of water vapor molecules accelerates as the temperature rises, generating sufficient kinetic energy to overcome the potential barrier of the gravitational field on the surface of activated carbon, and this separates the adsorbed water vapor from the activated carbon to recover to the gas phase.



When the relative pressure of water vapor is low, the many hydrophilic functional groups distributed on the surface of activated carbon play a leading role by connecting with water molecules with hydrogen bonds. As the relative pressure rises, the water molecules subsequently entering the activated carbon are adsorbed on the previously adsorbed water molecules in a sequence to form water molecular clusters. Following this, the water clusters break down and start filling pores when they grow to a certain size.



Tiny water molecules in the micropores of activated carbon first leave the activated carbon with an increasing temperature, and those gathered in the upper part of the cluster are resolved and desorbed after being heated. Finally, water molecules linked to hydrophilic groups by hydrogen bonds leave the activated carbon continuously due to the breakage of hydrogen bonds after heating. This shows that water molecules connected with hydrophilic functional groups through hydrogen bonds have better thermal stability than those of water molecules filled in micropores [30].



According to the results of the water vapor adsorption experiments, Fourier transform infrared spectroscopy, and Boehm titration, the adsorption properties of honeycomb activated carbon are closely correlated to the types and quantities of the oxygen-containing functional groups on its surface. When the honeycomb activated carbon is modified by 0.0006 mol/cm3 oxalic acid and ester hydrolysis, the content of the oxygen-containing functional groups on the surface of the carbon rises, thus improving the water vapor adsorption performance of honeycomb activated carbon.



As shown in the Figure 8a,b, the standard deviation of both figures is less than 5%, and the error of the experimental results is small. Both are within the acceptable range.





5. Conclusions


The modification of honeycomb activated carbon makes the types of oxygen-containing functional groups on the surface more abundant, which plays a vital role in the water vapor adsorption performance of honeycomb activated carbon. As the oxalic acid concentration increases, the specific surface area rises before it then decreases. When the concentration of oxalic acid is 0.6 mol/L, the specific surface area of modified activated carbon is 20% higher than that of unmodified activated carbon. The results of FT-IR and the Boehm titration showed that the hydrolysis with ethyl acetate led to more abundant original functional groups and a higher number of total acidic functional groups on the surface. In addition, the hydrophilicity of the activated carbon was optimized.



The more oxygen-containing functional groups were on the surface of the honeycomb activated carbon, the better the performance of the water vapor adsorption of honeycomb activated carbon was. When the concentration of oxalic acid was 0.0006 mol/cm3, the specific surface area reached the maximum of 179.06 m2/g, an increase of 20% compared with that of the unmodified activated carbon. After hydrolysis with ethyl acetate, the abundance of the original functional groups increased, and the number of the total acidic functional groups on the surface grew from 0.497 mmol/g to 1.437 mmol/g. The static water vapor adsorption experiments of the modified activated carbon were performed with 60–90% relative humidity at 20 °C–30.5 °C. Compared with unmodified activated carbon, the water vapor adsorption capacity of activated carbon after 0.0006 mol/cm3 oxalic acid modification reached 0.7914 g/g and increased by 15.7%. The adsorption capacity of activated carbon after 0.0006 mol/cm3 oxalic acid combined with ester hydrolysis modification reached 1.4377 g/g, increasing by 37.1%. At the same temperature, the adsorption capacity increased with the increase in relative humidity. When the temperature was 30 °C, the adsorption capacity increased by 0.025 g/g for every 15% increase in relative humidity. At the same relative humidity, the adsorption capacity decreased with the increase in temperature. When the relative humidity was 80%, the adsorption capacity decreased by 0.02 g/g for every 5 °C increase in temperature.



Activated carbon is a widely used adsorbent in environmental treatment. With the development of activated carbon modification technology, activated carbon can be modified according to the characteristics of the pollutants to be treated, playing a more targeted role in environment cleaning. At the same time, efforts to explore optimized modification methods, enhance the hygroscopic ability of activated carbon through modification, and remove the adsorption heat of activated carbon in time will promote the application of activated carbon to dehumidification.
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Figure 1. N2 adsorption−desorption curves of activated carbon under different modification conditions. 
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Figure 2. N2 adsorption curves of activated carbon under different modification conditions. 
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Figure 3. Pore size distributions of oxalic acid-modified activated carbons with different concentrations using the BJH method. 
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Figure 4. Schematic diagram of specific surface area and pore diameter of oxalic acid-modified activated carbon with different concentrations. 
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Figure 5. SEM comparison of unmodified activated carbon and 0.0006 mol/cm3 oxalic acid-modified activated carbon. (a–c) shows SEM images of the unmodified activated carbon at 100 μm, 20 μm, and 1 μm, while images (a′), (b′), and (c′) correspond to 0.0006 mol/cm3 oxalic acid modification at magnifications of 100 μm, 20 μm, and 1 μm SEM images of the activated carbon. 
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Figure 6. Fourier transformation infrared spectroscopy under different modification conditions. 
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Figure 7. Static adsorption curves of activated carbon under the same temperature and humidity (30 °C, 80%) and different modification methods. (a) Water vapor static adsorption curve of different concentrations oxalic acid modified activated carbon at the same temperature and humidity. (b) Water vapor static adsorption curve of different concentrations oxalic acid + ester hydrolysis modified activated carbon at the same temperature and humidity. 
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Figure 8. Dynamic adsorption curves of activated carbon under (a) the same temperature and different humidity, and (b) the same humidity and different temperature. 
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Table 1. Boehm titration test values of functional groups before and after activated carbon modification.
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Functional Group Type

	
Carboxyl

Functional Group

(mmol/g)

	
Lactone

Functional Group

(mmol/g)

	
Phenolic

Hydroxyl Functional Group (mmol/g)

	
Total Acidic

Oxygen-Containing Functional Group (mmol/g)




	
Modification Method

	






	
Unmodified

	
0.1543

	
0.1245

	
0.2182

	
0.497




	
0.0006 mol/cm3 oxalic acid

modification

	
0.2562

	
0.2132

	
0.322

	
0.7914




	
0.0006 mol/cm3 oxalic acid

modification and ester hydrolysis

	
0.4322

	
0.5842

	
0.4213

	
1.4377
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Table 2. Boehm titration test ratio of functional groups before and after activated carbon modification.
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Functional Group Type

	
Carboxyl Functional Group Ratio

	
Lactone Group Functional Group Ratio

	
Phenol Hydroxyl Functional Group Ratio

	
Ratio of Total Acidic

Oxygen-Containing Functional Groups




	
Modification Method






	
0.0006 mol/cm3 oxalic acid

modification/Unmodified

	
1.6604

	
1.7124

	
1.4757

	
1.5924




	
0.0006 mol/cm3 oxalic acid

modification and ester hydrolysis/Unmodified

	
2.8010

	
4.6924

	
1.9308

	
2.8928




	
0.0006 mol/cm3 oxalic acid

modification and ester hydrolysis/0.0006 mol/cm3 oxalic acid modification

	
1.6870

	
2.7402

	
1.3084

	
1.8167
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