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In this study, the influence of alkali precipitation on the gasification of coking wastewater with KOH as catalyst at 540°C, 25 MPa was investigated. Adding the KOH increased H 2 fraction and the gas yield. The alkali is accumulated in the reactor, and the catalytic effect was further improved with reaction time prolonging. The precipitated alkali in the reactor still showed high catalytic effect on the subsequent gasification of coking wastewater without further adding the alkali. The catalytic activity was slightly reduced owning to the transformation of KOH to K 2 CO 3 and KHCO 3 . A novel 4-lump kinetic model for coking wastewater in SCWG including feedstock, CH 4 , CO, and CO 2 lumps is proposed. The kinetic parameters are estimated for each involved reaction.

Introduction

Coking wastewater, generated from coke plants and coal gasification plants, contains high concentrations of ammonia, phenol, cyanide, thiocyanate and other aromatic hydrocarbons, as well as a variety of nitrogen-, oxygen-and sulfur-containing heterocyclic compounds [START_REF] Maranon | Treatment of coke wastewater in a sequential batch reactor (SBR) at pilot plant scale[END_REF]. Most of these compounds are considered hazardous to the environment and a genotoxic risk to human beings [START_REF] Zhu | Coking wastewater increases micronucleus frequency in mouse in vivo via oxidative stress[END_REF]. Therefore, removing these toxic pollutants before discharging them into the surrounding environment is of great importance. Yet traditional wastewater treatment technologies are markedly ineffective at this task due to some compounds in coking wastewater being toxic and refractory. Amongst all the treatment options, anaerobic digestion (AD) is a technology that is widely used.

However, coking wastewater AD regularly presents low efficiencies due to the high concentration of ammonia and its low hydrolysis rate [START_REF] Ren | Inhibition of ammonia on anaerobic digestion of synthetic coal gasification wastewater and recovery using struvite precipitation[END_REF]. Incineration is a valuable means of waste disposal with the advantage of being highly effective in reducing the volume of waste. Unfortunately, incinerators generate large volumes of off-gases. Furthermore, the auxiliary fuel must be added to the incinerator to keep the incineration temperature constant. Biogas treatment is a cheap treatment method for coking wastewater. However, it is occupied with a large space and the slag treatment is difficult. Fermentation can effectively reduce the volume of waste. Unfortunately, fermentation period is too long and it is occupied with a large space [START_REF] Kuschk | Batch methanogenic fermentation experiments of wastewater from a brown coal low-temperature coke plant[END_REF]. As mentioned above, no technology currently has reached a satisfactory solution from the environmental and highly effective point of view. Consequently, there is a need for environmentally benign technologies capable to effectively neutralize coking wastewater and reduce its adverse impacts on the environment. Supercritical water gasification (SCWG) is a promising technology since it can produce hydrogen by complete gasification of organic matters in water without drying procedure which is an energyintensive process and required as a pretreatment of aqueous feedstocks in conventional gasification processes. Furthermore supercritical water has an extraordinary ability to suppress char formation during the decomposition of organic compounds [START_REF] Lee | Effect of metal addition to Ni/activated charcoal catalyst on gasification of glucose in supercritical water[END_REF]. Char is known to be a refractory byproduct formed in a significant amount during steam gasification of biomass at atmosphere [START_REF] Herguido | Steam gasification of lignocellulosic residues in a fluidized bed at a small pilot scale: effect of the type of feedstock[END_REF], or hydrothermal treatments of glucose [START_REF] Fang | Catalytic hydrothermal gasification of cellulose and glucose[END_REF] and cellulose [START_REF] Minowa | Hydrogen production from cellulose in hot compressed water using reduced nickel catalyst: product distribution at different reaction temperatures[END_REF] in hot liquid water at temperatures up to 350°C (subcritical water conditions) unless appropriate catalysts are used. These impressive abilities of supercritical water to treat organic materials are based on its unique thermophysical properties [START_REF] Shaw R | Supercritical water: a medium for chemistry[END_REF][START_REF] Wofford | Solubility of potassium hydroxide and potassium phosphate in supercritical water[END_REF]. Under SCWG conditions, water is not only a solvent, but also an active reactant contributing to gasification chemistry [START_REF] Antal | Biomass gasification in supercritical water[END_REF].

Several kinds of catalysts were studied in biomass SCWG in the decades of development [START_REF] Azadi | Review of heterogeneous catalysts for sub-and supercritical water gasification of biomass and wastes[END_REF], such as metals, metal oxide, activated carbons and alkalis. Generally speaking, the catalysts can be grouped into two categories: heterogeneous and homogeneous catalysts. Alkali (including NaOH, Na 2 CO 3 , K 2 CO 3 and KOH) is the most frequently used homogeneous catalyst in SCWG, which attracted many researchers' attention because it can be mixed with the feedstock uniformly other than the heterogeneous catalysts [START_REF] Kruse | Gasification of pyrocatechol in supercritical water in the presence ofpotassium hydroxide[END_REF][START_REF] Sinağ | Biomass decomposition in near critical water[END_REF][START_REF] Sinağ | Influence of the heating rate and the type of catalyst on the formation of key intermediates and on the generation of gases during hydropyrolysis of glucose in supercritical water in a batch reactor[END_REF][START_REF] Sinağ | Key compounds of the hydropyrolysis of glucose in supercritical water in the presence of K 2 CO 3[END_REF][START_REF] Williams | Influence of alkali catalysts on the production of hydrogen-rich gas from the hydrothermal gasification of food processing waste[END_REF][START_REF] Williams | Reaction products from the subcritical water gasification of food wastes and glucose with NaOH and H 2 O 2[END_REF][START_REF] Williams | Alkali-promoted hydrothermal gasification of biomass food processing waste: a parametric study[END_REF][START_REF] Yanik | Biomass gasification in supercritical water: II. Effect of catalyst[END_REF]. Some organic wastes, such as the alkaline black liquor contain alkali, of which can be taken advantage to catalyze the biomass SCWG [START_REF] Sricharoenchaikul | Assessment of black liquor gasification in supercritical water[END_REF][START_REF] Rönnlund | Waste to energy by industrially integrated supercritical water gasification -effects of alkali salts in residual byproducts from the pulp and paper industry[END_REF]. Several researchers found that the presence of alkali can promote water-gas shift reaction (WGS) in SCWG, which consumes CO and H 2 O and generates H 2 and CO 2 . The lower CO fraction in the gas product is advantageous because fewer subsequent purification processes are needed for the terminal application of the gas product. Besides, active hydrogen can be generated in catalyzing WGS reaction in SCWG with the presence of alkali, which can inhibit the char/coke formation and improve the gas yield.

In this study, the influence of KOH in SCWG of coking wastewater was investigated. Firstly, the gasification performance of coking wastewater with and without KOH in supercritical water was compared. Then the influence of the accumulated alkali in the reactor on the subsequent gasification of coking wastewater without alkali was studied with a longer reaction time.

Experimental

Apparatus and method

The experiments were conducted in a laboratory-scale, continuous reactor with a volume capacity of 600 mL designed to a maximum temperature and pressure of 650°C and 40 MPa. The flow diagram of the experimental setup is shown in Fig. 1. All wetted parts, from the pumps to the condenser, were made of stainless steel (1Cr18Ni9Ti). The stirrer was used to keep from the formation of char resulting from thermal cracking of coking wastewater (Table 1 shows the characteristics of coking wastewater used in this study) at the walls of the reactor.

The electric furnace was used as heater. The heating wires of electric furnace were placed below and around the reactor. The reaction temperature was monitored directly using thermocouple (inserted inside the reactor) and controlled within 1°C by a temperature controller (Shandong Huayi Instrumentation Co., N-9000 Digital Controller). Before the experiment, the reactor was loaded with coking wastewater and deionized water to bring the total volume of liquid to 90-125 mL, and concentration of coking wastewater is approximately corresponding to initial COD of 1000-2000 mg/L. Then, nitrogen gas was used to purge the reactor for 15 min. After purging, the reactor was heated for about 60 min. Upon reaching the reaction condition of reaction temperature 540°C and pressure 25 MPa, reaction temperature remained stable within 1°C, then the specified amount of KOH was fed into the reactor at room temperature. KOH is fed to the reactor as a solution. The reaction was conducted for a given reaction time from 15 to 65 min. After the reaction, the sample valve of reactor was opened and the effluent was cooled rapidly in a shell and tube heat exchanger and then depressurized to ambient condition. The product stream was then separated into liquid and vapor phases. The liquid products were collected in a graduated cylinder. Gaseous samples were collected with sample tubes.

Chemical analysis

The gas yield was measured by a wet type flow meter. The composition of the gas product was analyzed by a gas chromatography (Perkinelmer Clarus 680) with a thermal conductivity detector (TCD). The high-purity helium is used as the carrier gas (purity > 99.999%). A carbon molecular sieve column (TDX-01) purchased from Beijing Beifenruili Analytic Instrument Co., Ltd. in China is used operating at 70 °C for 2 min, heating at 50°C /min ramp to 140°C and hold for 10 min. The determination of the sodium content in the aqueous sample was conducted in inductively coupled plasma-atomic emission spectrometry.

Results and Discussion

SCWG of coking wastewater without KOH

Coking wastewater was gasified without catalyst at 540°C and 25 MPa in the continuous reactor for a long reaction time. H 2 , CH 4 , CO and CO 2 are main compositions of the gas product. The results changed with the reaction time changing (Fig. 2). It can be seen that CO fraction increased with the reaction time and the H 2 fraction decreased. The previous literature [START_REF] Lv | Hydrogen production by partial oxidative gasification of biomass and its model compounds in supercritical water[END_REF][START_REF] Lv | Hydrogen production by biomass gasification in supercritical water with a fluidized bed reactor[END_REF] indicated that high concentration of biomass is hard to decompose and gasify. More CO, lower gasification rate and less H 2 were generated in the process of SCWG of biomass with higher concentration, and they are consistent with the variation trend of gasification results at earlier stage. Moreover, during the process of SCWG, reaction environment in the reactor are changed by coking wastewater decomposition. The generated intermediates from decomposition of coking wastewater may have negative effects on WGS reaction, which led to higher CO fraction and lower H 2 fraction. After 20 min of reaction, the gas product reached the stable state and remained constant. The gas product under the stable state contained about 26% CO, 35% CO 2 , 10% CH 4 , 29% H 2 and the gas yield was 15 mol/kg. SCWG of coking wastewater with 100 mg/L KOH When catalyst (100 mg/L KOH) was added to the reactor for SCWG of coking wastewater at 25MPa and 540°C, the composition and yield of gas product was shown in Fig. 3. The variation was different from non-catalytic gasification. After reaction of 35 min, the composition of gas was stable. The composition of gas product is mainly about 3% CO, 43.5% CO 2 , 37% H 2 and 6.5% CH 4 under the stable state. Less CO and more H 2 were generated comparing with the gas product obtained from non-catalytic gasification as described above. This difference was reported in several literature that are attributed to the acceleration of WGS reaction by alkali [START_REF] Penninger | Reforming of aqueous wood pyrolysis condensate in supercritical water[END_REF][START_REF] Kruse | Hydrothermal biomass gasification -effects of salts, backmixing, and their interaction[END_REF][START_REF] Tester | Chemical reactions and phase equilibria of model halocarbons and salts in sub-and supercritical water (200-300 bar, 100-600°C)[END_REF][START_REF] Uematsu | Static dielectric constant of water and steam[END_REF][START_REF] Zhao | Influence of potassium salts on the decomposition of formaldehyde in supercritical water[END_REF][START_REF] Matsumura | Fundamental design of a continuous biomass gasification process using a supercritical water fluidized bed[END_REF][START_REF] Molino | Glucose gasification in near critical water conditions for both syngas production and green chemicals with a continuous process[END_REF]. In addition, the gas yield increased owning to the presence of KOH. The total gas yield reached about 20 mol/kg when reaction time was 45 min that was higher than noncatalytic gasification of coking wastewater (about 15 mol/kg).

For SCWG of coking wastewater without adding KOH, another difference was that the gasification results with adding 100 mg/L KOH took longer time to reach the stable state. The composition of gas took about 35 min to reach the stable state with adding 100 mg/L KOH as the catalyst. For the gas yield, longer time was taken (about 45 min). Both of them were longer than SCWG of coking wastewater without adding catalyst (20 min, Fig. 2).

As it is described above, at the earlier stage, the increasing concentration and the generated intermediates played a negative role in the gasification, which increased the CO fraction and decreased total gas yield, the H 2 fraction. However, variation tendency of the catalytic gasification results with 100 mg/L KOH was opposite to non-catalytic gasification of coking wastewater. At the early stage, CO fraction was continuous to decrease, while H 2 fraction and gas yield were continuous to increase. The opposite variation tendency was determined by the precipitation of alkalis in the reactor. As it is described above, because the inorganic matters kept low solubility in supercritical water and they can precipitate in the reactor. The precipitation of the alkali can lead to the accumulation of the alkali in the reactor within a longer reaction time. It is known that from Le Chatelier's principle, when concentration of alkali increased, the reaction equilibrium is shifted to the positive direction. That is conducive to WGS reaction. In addition, concentration of alkali increased and it led the percentage of activated molecular in unit volume increased. It is known that from collision theory, increasing the percentage of activated molecular in unit volume will lead higher effective collision and more reaction probability of particles. As a result, the different variation tendency was obtained from that without catalyst, where the H 2 fraction and gas yield increased and the CO fraction decreased with the reaction time in the earlier stage. This may also be the reason for the longer unstable time in KOH-catalyzed SCWG of coking wastewater than non-catalytic gasification.

It needs to be mentioned that the alkali accumulated in the reactor may not only contain KOH fed with the feedstock, but also contain other K + salts. For example, KOH can be transformed into K 2 CO 3 and KHCO 3 through reacting with CO 2 generated in the gasification (Equations ( 1) & ( 2)). However, these salts are reported to be also effective in catalyzing WGS reaction and increasing gas yield in SCWG [START_REF] Kruse | Measurement of residence time in hot compressed water: 2. Salts in continuously stirred tank reactors[END_REF]. As a result, the catalytic activity was further improved with more K + salts accumulated in the reactor, which resulted in the decrease of CO fraction and increase of the H 2 fraction and gas yield at the earlier stage.

2KOH

+ CO 2 → K 2 CO 3 + H 2 O (1) K 2 CO 3 + H 2 O + CO 2 → 2KHCO 3 (2) 
SCWG of coking wastewater with 150 mg/L KOH Coking wastewater treatment was conducted via SCWG with 150 mg/L KOH as the catalyst at 25 MPa and 540°C. The results also varied with the reaction time at the earlier stage because of KOH (Fig. 4). The composition of gas and yield from this experiment took less time to reach the stable state comparing with SCWG of coking wastewater with 100 mg/L KOH. As described above, concentration of alkali in the reactor and their catalytic effect can improve owning to the precipitation and accumulation of K salts. This caused H 2 fraction increasing and CO fraction decreasing. While enough alkali for SCWG of coking wastewater is accumulated in the reactor after a certain time, the results reached stable state. The composition of gas from SCWG of coking wastewater with 150 mg/L KOH took less time to reach stable state. The reason may be that the concentration of K + salts provided with 150 mg/L KOH in this experiment was more than that with 100 mg/L KOH. Reaction speed for SCWG of coking wastewater with 150 mg/L KOH is faster than that with 100 mg/L KOH. Therefore, it reached the saturated state more quickly than that with 100 mg/L KOH.

It is also worth noting that similar gasification results were gained from coking wastewater with different concentration of KOH at the stable state. After about reaction of 20 min, the composition of gas product from coking wastewater with 150 mg/L KOH reached stable state (Fig. 4). The composition of gas is mainly about 47% H 2 , 44% CO 2 , 2% CO and 4.5% CH 4 . This was very similar to the gas product from coking wastewater with 150 mg/L KOH in the stable state under the same reaction condition. The gas yield from SCWG of coking wastewater with 150 mg/L KOH is about 21 mol/kg, which is also close to that with 100 mg/L KOH as the catalyst (about 20.6 mol/kg). These results may be related to the accumulation of alkali in the reactor.

Compared with the conventional steam gasification method, the composition of gas product from coking wastewater is higher. Zhang et al. [START_REF] Zhang R | Biomass-derived hydrogen from an air-blown gasifier[END_REF] conducted an air-blown fluidizedbed gasification experiment aimed to produce product gas rich in hydrogen from seed corn. The experiment resulted in product gas with relatively low concentrations of hydrogen (about 8 vol%). Once steam was supplied, hydrogen content in the product gas increased to almost 30 vol% due to steam reforming of tars and light hydrocarbons and reacting steam with carbon monoxide via the water-gas shift reaction. Chang et al. [START_REF] Chang | Biomass gasification for hydrogen production[END_REF] experimentally studied gasification of commercial cellulose and agricultural wastes, i.e., bagasse and mushroom, with air and mixtures of air and steam in a fluidized bed for hydrogen production. They also investigated the influence of varied steam-to-biomass ratio (S/B). When S/B of 0.0 (i.e., no steam or only-air gasification), reaction temperature 800°C and equivalence ratio (ER) 0.27, hydrogen content was found at 13.5 vol%. Once partial amount of steam was introduced to the same process and operating conditions by varying S/B to 1, hydrogen concentration raised to almost 20 vol%.

After about 60 min of coking wastewater gasification with 150 mg/L KOH, the feedstock to coking wastewater was switched and the temperature and pressure were not changed. Gasification of coking wastewater was continued and the results were almost unchanged at earlier stage after the feedstock was switched. The results changed slightly with time after longer reaction time (Fig. 4). After about 65 min, the H 2 fraction decreased to 43%, the CO fraction increased to 9% and the gas yield decreased from 20.6 to 19.1 mol/kg. These results demonstrated that the catalytic effect reduced slightly after longer reaction time. Two reasons may be interpreted. Firstly, catalytic activity of KOH is different from K 2 CO 3 and KHCO 3 . It is reported that KOH cannot only accelerate the WGS reaction through the formation of HCOOK just like K 2 CO 3 and KHCO 3 , but can also capture CO 2 in the gas product and shift the WGS reaction equilibrium in the forward direction. Therefore, KOH exhibited higher catalytic activity than K 2 CO 3 and KHCO 3 . More KOH were converted into K 2 CO 3 or KHCO 3 in the reactor with coking wastewater gasification proceeding, and no more fresh KOH was supplied. This reduced the ratio of KOH to K 2 CO 3 and KHCO 3 in the reactor and the catalytic effect of the accumulated alkalis in the reactor. Secondly, some alkali may be entrained away by water, which may reduce the K + salts in the reactor and its catalytic activity.

Comparing with the gasification of coking wastewater without any catalysts (Fig. 2), the accumulative K salt still showed high catalytic activity on subsequent SCWG of coking wastewater, even after 65 min. The H 2 fraction (43%) was still much higher and the CO fraction (9%) was lower compared with that from noncatalytic SCWG (29% and 26% respectively). The gas yield was 19.1mol/kg after 65 min of reaction, which was still higher than that of SCWG of coking wastewater without catalyst (15 mol/kg).

These results may be useful in the future development of the SCWG process. Based on this result, the alkali catalyst needs not to be added in the whole gasification process. That is, we can gasify the biomass with alkali for a while in the first stage. When adequate alkali was accumulated in the reactor, the subsequent fed biomass without catalyst can take advantage of the catalytic activity of the accumulative alkalis in the reactor. The supplement of catalyst may be needed when the catalytic activity was reduced or the alkali was entrained away. Two benefits can be achieved from this method. Firstly, the plugging problem owing to the precipitated alkali can be avoided with less alkali fed in. Secondly, this can also reduce the input of the alkali catalyst, which can reduce the cost of the gasification process.

Analysis of reaction kinetics

The reaction order assigned to the four lumps based on the oxidative abilities of different lump pseudo species. Since CO, CH 4 and CO 2 are simple compounds, it was argued that a first order should be given to CO, CH 4 and CO 2 . However, since feedstock lump contains a mixture of several thousands compounds of widely different properties, it was suggested that a n order should be assigned to the feedstock lump (Reaction net can be represented in Fig. 5). Based on these assumptions, the following equations can be considered:

Coking wastewater consumption rate where k i (i=1, 2, ..., 6) the reaction rate coefficient assuming an Arrhenius law:

The kinetic parameters to be determined are reaction order and vector k = [k 1 , k 2 , k 3 , k 4 , k 5 , k 6 ]. Parameter identification rests on solving the nonlinear least-squares problem U by minimizing the sum of squared errors (SSE): [START_REF] Minowa | Hydrogen production from cellulose in hot compressed water using reduced nickel catalyst: product distribution at different reaction temperatures[END_REF] Where Y ij is the jth state variable from the ith experimental run in the kinetic data set P ={P i ; i=1, n; P i R n }.The bar stands for the model-predicted quantities. The reaction rate constants were estimated by a multi variable non-linear least squares, combining a Runge-Kutta integration algorithm with nonlinear least-squares provided in optimization toolbox of MATLAB. The identification results showed that the reaction order of feedstock lump is 1.5. Arrhenius parameters (pre-exponential factor and activation energy) have been estimated by linear regression of ln(k i ) versus 1/T from the slopes and intercept of Arrhenius plots in Fig. 6. The results showed that a linear relationship of ln(k i ) versus 1/T was obtained and correlation coefficients in Table 2 are between 0.9631 and 0.9937. The kinetic parameters obtained listed in Table 2.

Conclusions
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Based on the results obtained from laboratory study, the gas product was mainly composed of H 2 , CO, CH 4 and CO 2 in SCWG of coking wastewater at 25 MPa and 540°C. The presence of KOH increased H 2 fraction and decreased CO fraction in the gas product via promoting WGS reaction, and it also increased the gas yield. The precipitated alkali in the reactor still showed high catalytic effect on the subsequent gasification of coking wastewater without further adding the alkali. The catalytic activity was slightly reduced owning to the transformation of KOH to K 2 CO 3 and KHCO 3 . A novel 4-lump kinetic model for coking wastewater in SCWG including feedstock, CH 4 , CO, and CO 2 lumps is proposed. The kinetic parameters are estimated for each involved reaction. The identification results showed that the reaction order of feedstock lump is 1.5. 
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 34 Fig. 3 The composition and total yield of the gas product from SCWG of coking wastewater with 100mg/L KOH as the catalyst (540 °C, 25 MPa)
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Table 1 Coking wastewater characteristics

 1 

	Characteristic	Concentration (mg/L)
	Total oxygen demand (TCOD)	57850
	BOD 5	8.6
	Volatile Phenol	0.86
	NH 4	+ -N	1.05
	pH	6.18

Table 2 Parameters of the four lumped kinetics model.

 2 For k 1 , k 2 and k 3 , n = 1.5, for k 4 , k 5 and k 6 , n=1.

	Parameters	Reaction rate constant [(mol/L) 1-n s -1 ] a	Ea (kJ/mol)	Pre-exponen tial factor [(mol/L) 1-n	Correlation coefficient
							s -1 ] a	
	k 1	0.0194	0.0388	0.0579	0.088	98.5	1.19× 10 6	0.9866
	k 2	0.0482	0.0703	0.137	0.191	94.6	1.38×10 6	0.9851
	k 3	0.00194 0.00336 0.00448 0.00965	102	1.78×10 5	0.9631
	k 4	0.0105	0.0314	0.0726	0.127	166	1.56×10 11	0.9866
	k 5	0.00821 0.0334	0.0767	0.247	220	1.69×10 15	0.9937
	k 6	0.0052	0.0077	0.0133	0.0303	115	5.88×10 6	0.9689

a
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